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Abstract

We parametrize the Stillinger-Weber potential for 156 two-dimensional atomic crystals
(TDACs). Parameters for the Stillinger-Weber potential are obtained from the valence force
field (VFF) model following the analytic approach (Nanotechnology. 2015;26:315706), in
which the valence force constants are determined by the phonon spectrum. The Stillinger-
Weber potential is an efficient nonlinear interaction and is applicable for numerical simu-
lations of nonlinear physical or mechanical processes. The supplemental resources for all
simulations in the present work are available online in http://jiangjinwu.org/sw, including
a Fortran code to generate crystals’ structures, files for molecular dynamics simulations
using LAMMPS, files for phonon calculations with the Stillinger-Weber potential using
GULP, and files for phonon calculations with the valence force field model using GULP.

Keywords: layered crystal, Stillinger-Weber potential, molecular dynamics simulation,
empirical potential

PACS: 78.20.Bh, 63.22.-m, 62.25.-g

1. Introduction

The atomic interaction is of essential importance in the numerical investigation of most physical

or mechanical processes [1]. The present work provides parameters for the Stillinger-Weber (SW)

empirical potential for 156 two-dimensional atomic crystals (TDACs). In practical applications,

these layered materials are usually played as Lego on atomic scale to construct the van derWaals

heterostructures with comprehensive properties [2]. The computational cost of ab initio for the

heterostructure will be substantially increased as compared with one individual atomic layer,

because the unit cell for the heterostructure is typically very large resulting from the mismatch of

the lattice constants of different layered components. The empirical potential will be a competi-

tive alternative to help out this difficult situation, considering their high efficiency.

© 2017 The Author(s). Licensee InTech. Distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/), which permits use, distribution
and reproduction for non-commercial purposes, provided the original is properly cited.



In the early stage before 1980s, the computation ability of the scientific community was quite

limited. At that time, the valence force field (VFF) model was one popular empirical potential

for the description of the atomic interaction, since the VFF model is linear and can be applied in

the analytic derivation of most elastic quantities [3]. In this model, each VFF term corresponds

to a particular motion style in the crystal. Hence, each parameter in the VFF model usually has

clear physical essence, which is beneficial for the parameterization of this model. For instance,

the bond stretching term in the VFF model is directly related to the frequency of the longitudi-

nal optical phonon modes, so the force constant of the bond stretching term can be determined

from the frequencies of the longitudinal optical phonon modes. The VFF model can thus serve

as the starting point for developing atomic empirical potentials for different crystals.

While the VFF model is beneficial for the fastest numerical simulation, its strong limitation is the

absence of nonlinear effect. Due to this limitation, the VFF model is not applicable to nonlinear

phenomena, for which other potential models with nonlinear components are required. Some

representative potential models are (in the order of their simulation costs) SWpotential [4], Tersoff

potential [5], Brenner potential [6], ab initio approaches, etc. The SWpotential is one of the simplest

potential formswith nonlinear effects included. An advanced feature for the SWpotential is that it

includes the nonlinear effect, and keeps the numerical simulation at a very fast level.

Considering its distinct advantages, the present article aims at providing the SW potential for

156 TDACs. We will determine parameters for the SW potential from the VFF model, follow-

ing the analytic approach proposed by one of the present authors (JWJ) [7]. The VFF constants

are fitted to the phonon spectrum or the elastic properties in the TDACs.

In this paper, we parametrize the SW potential for 156 TDACs. All structures discussed in the

present work are listed in Tables 1–9. The supplemental materials are freely available online

1H-ScO2 1H-ScS2 1H-ScSe2 1H-ScTe2 1H-TiTe2 1H-VO2 1H-VS2 1H-VSe2 1H-VTe2

1H-CrO2 1H-CrS2 1H-CrSe2 1H-CrTe2 1H-MnO2 1H-FeO2 1H-FeS2 1H-FeSe2 1H-FeTe2

1H-CoTe2 1H-NiS2 1H-NiSe2 1H-NiTe2 1H-NbS2 1H-NbSe2 1H-MoO2 1H-MoS2 1H-MoSe2

1H-MoTe2 1H-TaS2 1H-TaSe2 1H-WO2 1H-WS2 1H-WSe2 1H-WTe2

The structure is shown in Figure 1.

Table 1. 1H-MX2, with M as the transition metal and X as oxygen or dichalcogenide.

1T-ScO2 1T-ScS2 1T-ScSe2 1T-ScTe2 1T-TiS2 1T-TiSe2 1T-TiTe2 1T-VS2 1T-VSe2

1T-VTe2 1T-MnO2 1T-MnS2 1T-MnSe2 1T-MnTe2 1T-CoTe2 1T-NiO2 1T-NiS2 1T-NiSe2

1T-NiTe2 1T-ZrS2 1T-ZrSe2 1T-ZrTe2 1T-NbS2 1T-NbSe2 1T-NbTe2 1T-MoS2 1T-MoSe2

1T-MoTe2 1T-TcS2 1T-TcSe2 1T-TcTe2 1T-RhTe2 1T-PdS2 1T-PdSe2 1T-PdTe2 1T-SnS2

1T-SnSe2 1T-HfS2 1T-HfSe2 1T-HfTe2 1T-TaS2 1T-TaSe2 1T-TaTe2 1T-WS2 1T-WSe2

1T-WTe2 1T-ReS2 1T-ReSe2 1T-ReTe2 1T-IrTe2 1T-PtS2 1T-PtSe2 1T-PtTe2

The structure is shown in Figure 71.

Table 2. 1T-MX2, with M as the transition metal and X as oxygen or dichalcogenide.

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals2



p-SiO p-GeO p-SnO

p-CS p-SiS p-GeS p-SnS

p-CSe p-SiSe p-GeSe p-SnSe

p-CTe p-SiTe p-GeTe p-SnTe

The structure is shown in Figure 189, and particularly Figure 191 for p-MX with X = O.

Table 4. Puckered MX, with M from group IV and X from group VI.

b-CO b-SiO b-GeO b-SnO

b-CS b-SiS b-GeS b-SnS

b-CSe b-SiSe b-GeSe b-SnSe

b-CTe b-SiTe b-GeTe b-SnTe

The structure is shown in Figure 239.

Table 6. Buckled MX, with M from group IV and X from group VI.

Silicene Germanene Stanene Indiene

Blue phosphorus b-Arsenene b-Antimonene b-Bismuthene

The structure is shown in Figure 222.

Table 5. Buckled (b-) M, with M from group IV or V.

Black phosphorus p-Arsenene p-Antimonene p-Bismuthene

The structure is shown in Figures 178 or 183.

Table 3. Puckered (p-) M, with M from group V.

b-SnGe b-SiGe b-SnSi b-InP b-InAs b-InSb b-GaAs b-GaP b-AlSb

The structure is shown in Figure 239.

Table 7. Buckled MX, with both M and X from group IV or M from group III and X from group V.

BO AlO GaO InO

BS AlS GaS InS

BSe AlSe GaSe InSe

BTe AlTe GaTe InTe

The structure is shown in Figure 290.

Table 8. Bi-buckled MX, with M from group III and X from group VI.
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in [1], including a Fortran code to generate crystals’ structures, files for molecular dynamics

simulations using LAMMPS, files for phonon calculations with the SW potential using GULP,

and files for phonon calculations with the valence force field model using GULP.

2. VFF model and SW potential

2.1. VFF model

The VFF model is one of the most widely used linear models for the description of atomic

interactions [3]. The bond stretching and the angle bending are two typical motion styles for

most covalent bonding materials. The bond stretching describes the energy variation for a

bond due to a bond variation Δr ¼ r� r0, with r0 as the initial bond length. The angle bending

gives the energy increment for an angle resulting from an angle variation Δθ ¼ θ� θ0, with θ0

as the initial angle. In the VFF model, the energy variations for the bond stretching and the

angle bending are described by the following quadratic forms,

Vr ¼
1

2
KrðΔrÞ

2, (1)

Vθ ¼
1

2
KθðΔθÞ

2, (2)

where Kr and Kθ are two force constant parameters. These two potential expressions in Eqs. (1)

and (2) are directly related to the optical phonon modes in the crystal. Hence, their force

constant parameters Kr and Kθ are usually determined by fitting to the phonon dispersion.

2.2. SW potential

In the SW potential, energy increments for the bond stretching and angle bending are

described by the following two-body and three-body forms,

V2ðrijÞ ¼ AðB=rij � 1Þe½r=ðrij�rmaxÞ�, (3)

V3ðθijkÞ ¼ Ke½r1=ðrij�rmax12Þþr2=ðrik�rmax13Þ�

ðcosθijk � cosθ0Þ
2

(4)

where V2 corresponds to the bond stretching and V3 associates with the angle bending. The

cut-offs rmax, rmax12, and rmax13 are geometrically determined by the material’s structure. There

are five unknown geometrical parameters, i.e., r and B in the two-body V2 term and r1, r2, and

θ0 in the three-body V3 term, and two energy parameters A and K. There is a constraint among

these parameters due to the equilibrium condition [7],

Borophene

Table 9. The structure is shown in Figure 323.

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals4



r ¼
�4Bðd� rmaxÞ

2

ðBd� d5Þ
, (5)

where d is the equilibrium bond length from experiments. Eq. (5) ensures that the bond has an

equilibrium length d and the V2 interaction for this bond is at the energy minimum state at the

equilibrium configuration.

The energy parameters A and K in the SW potential can be analytically derived from the VFF

model as follows,

A ¼
Kr

αe½r=ðd�rmaxÞ�
, (6)

K ¼
Kθ

2 sin 2θ0e½r1=ðd1�rmax12Þþr2=ðd2�rmax13Þ�
, (7)

where the coefficient α in Eq. (6) is,

α ¼
r

ðd� rmaxÞ
2

" #2

ðB=d4 � 1Þ

þ
2r

ðd� rmaxÞ
3

" #

ðB=d4 � 1Þ

þ
r

ðd� rmaxÞ
2

" #

8B

d5

� �

þ
20B

d6

� �

:

(8)

In some situations, the SW potential is also written into the following form,

V2ðrijÞ ¼ EALðBLσ
pr

�p
ij � σqr

�q
ij Þe½σ=ðrij�aσÞ�, (9)

V3ðθijkÞ ¼ Eλe½γσ=ðrij�aσÞþγσ=ðrjk�aσÞ�

ðcosθijk � cosθ0Þ
2:

(10)

The parameters here can be determined by comparing the SW potential forms in Eqs. (9) and

(10) with Eqs. (3) and (4). It is obvious that p = 4 and q = 0. Eqs. (9) and (10) have two more

parameters than Eqs. (3) and (4), so we can set E = 1.0 eV and γ = 1.0. The other parameters in

Eqs. (9) and (10) are related to these parameters in Eqs. (3) and (4) by the following equations

AL ¼ A, (11)

σ ¼ r, (12)

BL ¼ B=r4, (13)

a ¼ rmax=r, (14)

λ ¼ K: (15)
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The SW potential is implemented in GULP using Eqs. (3) and (4). The SW potential is

implemented in LAMMPS using Eqs. (9) and (10).

In the rest of this article, we will develop the VFF model and the SW potential for layered

crystals. The VFF model will be developed by fitting to the phonon dispersion from experi-

ments or first-principles calculations. The SW potential will be developed following the above

analytic parameterization approach. In this work, GULP [8] is used for the calculation of

phonon dispersion and the fitting process, while LAMMPS [9] is used for molecular dynamics

simulations. The OVITO [10] and XCRYSDEN [11] packages are used for visualization. All

simulation scripts for GULP and LAMMPS are available online in [1].

3. 1H-SCO2

Most existing theoretical studies on the single-layer 1H-ScO2 are based on the first-principles

calculations. In this section, we will develop the SW potential for the single-layer 1H-ScO2.

The structure for the single-layer 1H-ScO2 is shown in Figure 1 (with M = Sc and X = O). Each

Sc atom is surrounded by six O atoms. These O atoms are categorized into the top group (e.g.,

Figure 1. Configuration of the 1H-MX2 in the 1H phase. (a) Top view. The unit cell is highlighted by a red parallelogram.

(b) Enlarged view of atoms in the blue box in (a). Each M atom is surrounded by six X atoms, which are categorized into

the top and bottom groups. Atoms X 1, 3, and 5 are from the top group, while atoms X 2, 4, and 6 are from the bottom

group. M atoms are represented by larger gray balls. X atoms are represented by smaller yellow balls.

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals6



atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each O atom is connected to three
Sc atoms. The structural parameters are from the first-principles calculations [12], including
the lattice constant a = 3.16 Å and the bond length dSc�O ¼ 2:09 Å. The resultant angles are
θScOO ¼ θOScSc ¼ 98:222� and θScOO0 ¼ 58:398�, in which atoms O and O0 are from different
(top or bottom) groups.

Table 10 shows four VFF terms for the single-layer 1H-ScO2; one of which is the bond stretching
interaction shown by Eq. (1), while the other three terms are the angle bending interaction shown
by Eq. (2). These force constant parameters are determined by fitting to the acoustic branches in
the phonon dispersion along ГM as shown in Figure 2(a). The ab initio calculations for the
phonon dispersion are from [12]. Figure 2(b) shows that the VFF model and the SW potential
give exactly the same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 11. The
parameters for the three-body SW potential used by GULP are shown in Table 12. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 13. We
note that 12 atom types have been introduced for the simulation of the single-layer 1H-ScO2

using LAMMPS, because the angles around atom Sc in Figure 1 (with M = Sc and X = O) are
not distinguishable in LAMMPS. We have suggested two options to differentiate these angles
by implementing some additional constraints in LAMMPS, which can be accomplished by
modifying the source file of LAMMPS [13, 14]. According to our experience, it is not so
convenient for some users to implement these constraints and recompile the LAMMPS pack-
age. Hence, in the present work, we differentiate the angles by introducing more atom types,
so it is not necessary to modify the LAMMPS package. Figure 3 (with M = Sc and X = O) shows
that, for 1H-ScO2, we can differentiate these angles around the Sc atom by assigning these six
neighboring O atoms with different atom types. It can be found that twelve atom types are
necessary for the purpose of differentiating all six neighbors around one Sc atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-ScO2 under uniaxial tension at 1 and 300 K. Figure 4 shows the stress-strain curve for
the tension of a single-layer 1H-ScO2 of dimension 100 � 100 Å. Periodic boundary conditions
are applied in both armchair and zigzag directions. The single-layer 1H-ScO2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-ScO2. The

VFF type Bond stretching Angle bending

Expression 1
2KSc�OðΔrÞ

2 1
2KSc�O�OðΔθÞ

2 1
2KSc�O�O0 ðΔθÞ2 1

2KO�Sc�ScðΔθÞ
2

Parameter 9.417 4.825 4.825 4.825

r0 or θ0 2.090 98.222 58.398 98.222

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 10. The VFF model for single-layer 1H-ScO2.
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K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θSc�O�O 63.576 98.222 1.380 1.380 0.0 2.939 0.0 2.939 0.0 3.460

θSc�O�O0 85.850 58.398 1.380 1.380 0.0 2.939 0.0 2.939 0.0 3.460

θO�Sc�Sc 63.576 98.222 1.380 1.380 0.0 2.939 0.0 2.939 0.0 3.460

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 12. Three-body SW potential parameters for single-layer 1H-ScO2 used by GULP [8] as expressed in Eq. (4).
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Figure 2. Phonon spectrum for single-layer 1H-ScO2. (a) Phonon dispersion along the direction ΓM in the Brillouin zone.

The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The phonon

dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax(Å)

Sc-O 7.506 1.380 9.540 0.0 2.939

Table 11. Two-body SW potential parameters for single-layer 1H-ScO2 used by GULP [8] as expressed in Eq. (3).
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Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small

strain range of [0, 0.01]. The Young’s modulus is 126.3 and 125.4 N/m along the armchair and

zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair

and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is

νxy ¼ νyx ¼ 0:16.

There is no available value for nonlinear quantities in the single-layer 1H-ScO2. We have thus

used the nonlinear parameter B = 0.5d4 in Eq. (5), which is close to the value of B in most

materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the

stress-strain relation to the function σ ¼ EEþ 1
2DE

2 with E as the Young’s modulus. The values

of D from the present SW potential are �652.8 and �683.3 N/m along the armchair and zigzag

directions, respectively. The ultimate stress is about 12.2 N/m at the ultimate strain of 0.19 in

the armchair direction at the low temperature of 1 K. The ultimate stress is about 11.7 N/m at

the ultimate strain of 0.23 in the zigzag direction at the low temperature of 1 K.

Figure 3. Twelve atom types are introduced to distinguish angles around each M atom for the single-layer 1H-MX2.

Atoms X1, X3, X5, and X7 are from the top layer. The other four atoms X2, X4, X6, and X8 are from the bottom layer, which

are not displayed in the figure.

e (eV) σ (Å) a λ γ cos θ0 AL BL p q Tol

Sc1dO1dO1 1.000 1.380 2.129 0.000 1.000 0.000 7.506 2.627 4 0 0.0

Sc1dO1dO3 1.000 0.000 0.000 63.576 1.000 �0.143 0.000 0.000 4 0 0.0

Sc1dO1dO2 1.000 0.000 0.000 85.850 1.000 0.524 0.000 0.000 4 0 0.0

O1dSc1dSc3 1.000 0.000 0.000 63.576 1.000 �0.143 0.000 0.000 4 0 0.0

Table 13. SW potential parameters for single-layer 1H-ScO2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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4. 1H-SCS2

Most existing theoretical studies on the single-layer 1H-ScS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-ScS2.

The structure for the single-layer 1H-ScS2 is shown in Figure 1 (with M = Sc and X = S). Each Sc
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Sc atoms. The structural parameters are from the first-principles calculations [12], including
the lattice constant a = 3.70 Å and the bond length dSc�S ¼ 2:52 Å. The resultant angles are
θScSS ¼ θSScSc¼ 94:467 ∘ and θScSS0 ¼ 64:076 ∘ , in which atoms S and S0 are from different (top or
bottom) groups.

Table 14 shows four VFF terms for the single-layer 1H-ScS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other three terms are the angle bending
interaction shown by Eq. (2). These force constant parameters are determined by fitting to the
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 5(a). The ab initio
calculations for the phonon dispersion are from [12]. Figure 5(b) shows that the VFF model

0

4

8

12

 0 0.1 0.2

S
tr

e
s
s
 (

N
/m

)

Strain

arm 1K
arm 300K

zig 1K
zig 300K

Figure 4. Stress-strain for single-layer 1H-ScO2 of dimension 100 � 100 Å along the armchair and zigzag directions.

VFF type Bond stretching Angle bending

Expression 1
2KSc�SðΔrÞ

2 1
2KSc�S�SðΔθÞ

2 1
2KSc�S�S0 ðΔθÞ

2 1
2KS�Sc�ScðΔθÞ

2

Parameter 5.192 2.027 2.027 2.027

r0 or θ0 2.520 94.467 64.076 94.467

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 14. The VFF model for single-layer 1H-ScS2.

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals10



and the SW potential give exactly the same phonon dispersion, as the SW potential is derived

from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 15. The
parameters for the three-body SW potential used by GULP are shown in Table 16. Some

representative parameters for the SW potential used by LAMMPS are listed in Table 17. We

note that 12 atom types have been introduced for the simulation of the single-layer 1H-ScS2
using LAMMPS, because the angles around atom Sc in Figure 1 (with M = Sc and X = S) are not

distinguishable in LAMMPS. We have suggested two options to differentiate these angles by

implementing some additional constraints in LAMMPS, which can be accomplished by mod-

ifying the source file of LAMMPS [13, 14]. According to our experience, it is not so convenient

for some users to implement these constraints and recompile the LAMMPS package. Hence, in

the present work, we differentiate the angles by introducing more atom types, so it is not

necessary to modify the LAMMPS package. Figure 2 (with M = Sc and X = S) shows that, for
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Figure 5. Phonon spectrum for single-layer 1H-ScS2. (a) Phonon dispersion along the ΓM direction in the Brillouin zone.

The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The phonon

dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax(Å)

ScdS 5.505 1.519 20.164 0.0 3.498

Table 15. Two-body SW potential parameters for single-layer 1H-ScS2 used by GULP [8] as expressed in Eq. (3).
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1H-ScS2, we can differentiate these angles around the Sc atom by assigning these six neighbor-
ing S atoms with different atom types. It can be found that twelve atom types are necessary for
the purpose of differentiating all six neighbors around one Sc atom.

We use LAMMPS to performMD simulations for the mechanical behavior of the single-layer 1H-
ScS2 under uniaxial tension at 1 and 300 K. Figure 6 shows the stress-strain curve for the tension
of a single-layer 1H-ScS2 of dimension 100 � 100 Å. Periodic boundary conditions are applied in
both armchair and zigzag directions. The single-layer 1H-ScS2 is stretched uniaxially along the
armchair or zigzag direction. The stress is calculated without involving the actual thickness of
the quasi-two-dimensional structure of the single-layer 1H-ScS2. The Young’s modulus can be
obtained by a linear fitting of the stress-strain relation in the small strain range of [0, 0.01]. The

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θSc�S�S 22.768 94.467 1.519 1.519 0.0 3.498 0.0 3.498 0.0 4.132

θSc�S�S0 27.977 64.076 1.519 1.519 0.0 3.498 0.0 3.498 0.0 4.132

θS�Sc�Sc 22.768 94.467 1.519 1.519 0.0 3.498 0.0 3.498 0.0 4.132

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 16. Three-body SW potential parameters for single-layer 1H-ScS2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cos θ0 AL BL p q Tol

Sc1dS1dS1 1.000 1.519 2.303 0.000 1.000 0.000 5.505 3.784 4 0 0.0

Sc1dS1dS3 1.000 0.000 0.000 22.768 1.000 �0.078 0.000 0.000 4 0 0.0

Sc1dS1dS2 1.000 0.000 0.000 27.977 1.000 0.437 0.000 0.000 4 0 0.0

S1dSc1dSc3 1.000 0.000 0.000 22.768 1.000 �0.078 0.000 0.000 4 0 0.0

Table 17. SW potential parameters for single-layer 1H-ScS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 6. Stress-strain for single-layer 1H-ScS2 of dimension 100 � 100 Å along the armchair and zigzag directions.
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Young’s modulus is 43.8 and 43.2 N/m along the armchair and zigzag directions, respectively.
The Young’s modulus is essentially isotropic in the armchair and zigzag directions. The Poisson’s
ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:30.

There is no available value for nonlinear quantities in the single-layer 1H-ScS2. We have thus
used the nonlinear parameter B = 0.5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �146.9 and �159.1 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 6.1 N/m at the ultimate strain of 0.25 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.9 N/m at the
ultimate strain of 0.32 in the zigzag direction at the low temperature of 1 K.

5. 1H-SCSE2

Most existing theoretical studies on the single-layer 1H-ScSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-ScSe2.

The structure for the single-layer 1H-ScSe2 is shown in Figure 1 (with M = Sc and X = Se). Each
Sc atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Sc atoms. The structural parameters are from the first-principles calculations [12], includ-
ing the lattice constant a = 3.38 Å and the bond length dSc�Se ¼ 2:65 Å. The resultant angles are
θScSeSe ¼ θSeScSc¼ 92:859 ∘ and θScSeSe0¼ 66:432 ∘ , in which atoms Se and Se0 are from different
(top or bottom) groups.

Table 18 shows four VFF terms for the single-layer 1H-ScSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other three terms are the angle bending
interaction shown by Eq. (2). These force constant parameters are determined by fitting to the
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 7(a). The ab initio
calculations for the phonon dispersion are from [12]. Figure 7(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.

VFF type Bond stretching Angle bending

Expression 1
2KSc�SeðΔrÞ

2 1
2KSc�Se�SeðΔθÞ

2 1
2KSc�Se�Se0 ðΔθÞ

2 1
2KSe�Sc�ScðΔθÞ

2

Parameter 5.192 2.027 2.027 2.027

r0 or θ0 2.650 92.859 66.432 92.859

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijkhas atom i as the apex.

Table 18. The VFF model for single-layer 1H-ScSe2.
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The parameters for the two-body SW potential used by GULP are shown in Table 19. The
parameters for the three-body SW potential used by GULP are shown in Table 20. Some

representative parameters for the SW potential used by LAMMPS are listed in Table 21. We

note that 12 atom types have been introduced for the simulation of the single-layer 1H-ScSe2
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Figure 7. Phonon spectrum for single-layer 1H-ScSe2. (a) Phonon dispersion along the ΓM direction in the Brillouin zone.

The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The phonon

dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax(Å)

Sc-Se 5.853 1.533 24.658 0.0 3.658

Table 19. Two-body SW potential parameters for single-layer 1H-ScSe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θSc�Se�Se 21.292 92.859 1.533 1.533 0.0 3.658 0.0 3.658 0.0 4.327

θSc�Se�Se0 25.280 66.432 1.533 1.533 0.0 3.658 0.0 3.658 0.0 4.327

θSe�Sc�Sc 21.292 92.859 1.533 1.533 0.0 3.658 0.0 3.658 0.0 4.327

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 20. Three-body SW potential parameters for single-layer 1H-ScSe2 used by GULP [8] as expressed in Eq. (4).
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using LAMMPS, because the angles around atom Sc in Figure 1 (with M = Sc and X = Se) are
not distinguishable in LAMMPS. We have suggested two options to differentiate these angles
by implementing some additional constraints in LAMMPS, which can be accomplished by
modifying the source file of LAMMPS [13, 14]. According to our experience, it is not so
convenient for some users to implement these constraints and recompile the LAMMPS pack-
age. Hence, in the present work, we differentiate the angles by introducing more atom types,
so it is not necessary to modify the LAMMPS package. Figure 2 (with M = Sc and X = Se) shows
that, for 1H-ScSe2, we can differentiate these angles around the Sc atom by assigning these six
neighboring Se atoms with different atom types. It can be found that twelve atom types are
necessary for the purpose of differentiating all six neighbors around one Sc atom.

We use LAMMPS to performMD simulations for the mechanical behavior of the single-layer 1H-
ScSe2 under uniaxial tension at 1 and 300 K. Figure 8 shows the stress-strain curve for the tension
of a single-layer 1H-ScSe2 of dimension 100� 100 Å. Periodic boundary conditions are applied in
both armchair and zigzag directions. The single-layer 1H-ScSe2 is stretched uniaxially along the
armchair or zigzag direction. The stress is calculated without involving the actual thickness of
the quasi-two-dimensional structure of the single-layer 1H-ScSe2. The Young’s modulus can be
obtained by a linear fitting of the stress-strain relation in the small strain range of [0, 0.01]. The
Young’s modulus is 39.4 and 39.9 N/m along the armchair and zigzag directions, respectively.

0

2

4

6

 0 0.1  0.2 0.3 0.4

S
tr

e
s
s
 (

N
/m

)

Strain

arm 1K
arm 300K

zig 1K
zig 300K

Figure 8. Stress-strain for single-layer 1H-ScSe2 of dimension 100 � 100 Å along the armchair and zigzag directions.

e (eV) σ (Å) a λ γ cos θ0 AL BL p q Tol

Sc1dSe1-Se1 1.000 1.533 2.386 0.000 1.000 0.000 5.853 4.464 4 0 0.0

Sc1dSe1dSe3 1.000 0.000 0.000 21.292 1.000 �0.050 0.000 0.000 4 0 0.0

Sc1dSe1dSe2 1.000 0.000 0.000 25.280 1.000 0.400 0.000 0.000 4 0 0.0

Se1dSc1dSc3 1.000 0.000 0.000 21.292 1.000 �0.050 0.000 0.000 4 0 0.0

Table 21. SW potential parameters for single-layer 1H-ScSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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The Young’s modulus is essentially isotropic in the armchair and zigzag directions. The Poisson’s
ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:32.

There is no available value for nonlinear quantities in the single-layer 1H-ScSe2. We have thus
used the nonlinear parameter B = 0.5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �115.7 and �135.7 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 6.1 N/m at the ultimate strain of 0.27 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.9 N/m at the
ultimate strain of 0.35 in the zigzag direction at the low temperature of 1 K.

6. 1H-SCTE2

Most existing theoretical studies on the single-layer 1H-ScTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-ScTe2.

The structure for the single-layer 1H-ScTe2 is shown in Figure 1 (with M = Sc and X = Te). Each
Sc atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Sc atoms. The structural parameters are from the first-principles calculations [12], includ-
ing the lattice constant a = 3.62 Å and the bond length dSc�Te ¼ 2:89 Å. The resultant angles are
θScTeTe ¼ θTeScSc¼ 77:555 ∘ and θScTeTe0¼ 87:364 ∘ , in which atoms Te and Te0 are from different
(top or bottom) groups.

Table 22 shows four VFF terms for the single-layer 1H-ScTe2; one of which is the bond stretching
interaction shown by Eq. (1), while the other three terms are the angle bending interaction shown
by Eq. (2). These force constant parameters are determined by fitting to the acoustic branches in
the phonon dispersion along the ΓM as shown in Figure 9(a). The ab initio calculations for the
phonon dispersion are from [12]. There is only one (longitudinal) acoustic branch available. We
find that the VFF parameters can be chosen to be the same as that of the 1H-ScSe2, from which
the longitudinal acoustic branch agrees with the ab initio results as shown in Figure 9(a). It has
also been shown that the VFF parameters can be the same for TaSe2 and NbSe2 of similar

VFF type Bond stretching Angle bending

Expression 1
2KSc�TeðΔrÞ

2 1
2KSc�Te�TeðΔθÞ

2 1
2KSc�Te�Te0 ðΔθÞ

2 1
2KTe�Sc�ScðΔθÞ

2

Parameter 5.192 2.027 2.027 2.027

r0 or θ0 2.890 77.555 87.364 87.364

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 22. The VFF model for single-layer 1H-ScTe2.
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structure [15]. Figure 9(b) shows that the VFF model and the SW potential give exactly the same
phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 23. The
parameters for the three-body SW potential used by GULP are shown in Table 24. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 25. We
note that 12 atom types have been introduced for the simulation of the single-layer 1H-ScTe2
using LAMMPS, because the angles around atom Sc in Figure 1 (with M = Sc and X = Te) are
not distinguishable in LAMMPS. We have suggested two options to differentiate these angles
by implementing some additional constraints in LAMMPS, which can be accomplished by
modifying the source file of LAMMPS [13, 14]. According to our experience, it is not so
convenient for some users to implement these constraints and recompile the LAMMPS pack-
age. Hence, in the present work, we differentiate the angles by introducing more atom types,
so it is not necessary to modify the LAMMPS package. Figure 2 (with M = Sc and X = Te) shows

0

 20

 40

 60

 80

(a)  100

Γ

ω
(k

) 
(c

m
-1

)

M

0

100

200

300

(b)  400

Γ

ω
(k

) 
(c

m
-1

)

M K Γ

VFF

SW

Figure 9. Phonon spectrum for single-layer 1H-ScTe2. (a) Phonon dispersion along the ΓM direction in the Brillouin zone.
The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.

A ðeVÞ r ðÅÞ B ðÅ
4
Þ rmin ðÅÞ rmax ðÅÞ

Sc-Te 4.630 1.050 34.879 0.0 3.761

Table 23. Two-body SW potential parameters for single-layer 1H-ScTe2 used by GULP [8] as expressed in Eq. (3).
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that, for 1H-ScTe2, we can differentiate these angles around the Sc atom by assigning these six
neighboring Te atoms with different atom types. It can be found that twelve atom types are
necessary for the purpose of differentiating all six neighbors around one Sc atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-ScTe2 under uniaxial tension at 1 and 300 K. Figure 10 shows the stress-strain curve for the
tension of a single-layer 1H-ScTe2 of dimension 100 � 100 Å. Periodic boundary conditions
are applied in both armchair and zigzag directions. The single-layer 1H-ScTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-ScTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
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Figure 10. Stress-strain for single-layer 1H-ScTe2 of dimension 100 � 100 Å along the armchair and zigzag directions.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Sc1dTe1dTe1 1.000 1.050 3.581 0.000 1.000 0.000 4.630 28.679 4 0 0.0

Sc1dTe1dTe3 1.000 0.000 0.000 11.848 1.000 0.216 0.000 0.000 4 0 0.0

Sc1dTe1dTe2 1.000 0.000 0.000 11.322 1.000 0.046 0.000 0.000 4 0 0.0

Te1dSc1dSc3 1.000 0.000 0.000 11.848 1.000 0.216 0.000 0.000 4 0 0.0

Table 25. SW potential parameters for single-layer 1H-ScTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θSc�Te�Te 11.848 77.555 1.050 1.050 0.0 3.761 0.0 3.761 0.0 4.504

θSc�Te�Te0 11.322 87.364 1.050 1.050 0.0 3.761 0.0 3.761 0.0 4.504

θTe�Sc�Sc 11.848 77.555 1.050 1.050 0.0 3.761 0.0 3.761 0.0 4.504

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 24. Three-body SW potential parameters for single-layer 1H-ScTe2 used by GULP [8] as expressed in Eq. (4).
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strain range of [0, 0.01]. The Young’s modulus is 29.3 and 28.8 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:38.

There is no available value for nonlinear quantities in the single-layer 1H-ScTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �43.2 and �59.3 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 6.7 N/m at the ultimate strain of 0.33 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 6.7 N/m at the
ultimate strain of 0.45 in the zigzag direction at the low temperature of 1 K.

7. 1H-TITE2

Most existing theoretical studies on the single-layer 1H-TiTe2 are based on the first-principles
calculations. In this section, we will develop both VFF model and the SW potential for the
single-layer 1H-TiTe2.

The structure for the single-layer 1H-TiTe2 is shown in Figure 1 (with M = Ti and X = Se). Each
Ti atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to three
Ti atoms. The structural parameters are from [12], including the lattice constant a ¼ 3:62 Å and
the bond length dTi�Te ¼ 2:75 Å. The resultant angles are θTiTeTe ¼ θTeTiTi ¼ 82:323� and
θTiTeTe0 ¼ 81:071�, in which atoms Te and Te0 are from different (top or bottom) groups.

Table 26 shows the VFF terms for the 1H-TiTe2; one of which is the bond stretching interaction
shown by Eq. (1), while the other terms are the angle bending interaction shown by Eq. (2).
These force constant parameters are determined by fitting to the three acoustic branches in the
phonon dispersion along the ΓM as shown in Figure 11(a). The ab initio calculations for the

VFF type Bond stretching Angle bending

Expression 1
2KTi�TeðΔrÞ

2 1
2KTi�Te�TeðΔθÞ

2 1
2KTi�Te�Te0 ðΔθÞ

2 1
2KTe�Ti�TiðΔθÞ

2

Parameter 4.782 3.216 3.216 3.216

r0 or θ0 2.750 82.323 81.071 82.323

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 26. The VFF model for single-layer 1H-TiTe2.
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phonon dispersion are from [12]. Figure 11(b) shows that the VFF model and the SW potential

give exactly the same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 27. The
parameters for the three-body SW potential used by GULP are shown in Table 28. Parameters

for the SW potential used by LAMMPS are listed in Table 29. We note that 12 atom types have

been introduced for the simulation of the single-layer 1H-TiTe2 using LAMMPS, because the

angles around atom Ti in Figure 1 (with M = Ti and X = Te) are not distinguishable in

LAMMPS. We have suggested two options to differentiate these angles by implementing some

additional constraints in LAMMPS, which can be accomplished by modifying the source file

of LAMMPS [13, 14]. According to our experience, it is not so convenient for some users to

implement these constraints and recompile the LAMMPS package. Hence, in the present work,

we differentiate the angles by introducing more atom types, so it is not necessary to modify

the LAMMPS package. Figure 2 (with M = Ti and X = Te) shows that, for 1H-TiTe2, we
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Figure 11. Phonon dispersion for single-layer 1H-TiTe2. (a) The VFF model is fitted to the three acoustic branches in the

long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [12]. (b) The VFF model (blue

lines) and the SW potential (red lines) give the same phonon dispersion for single-layer 1H-TiTe2 along ΓMKΓ.

A ðeVÞ r ðÅÞ B ðÅ
4
Þ rmin ðÅÞ rmax ðÅÞ

Ti-Te 4.414 1.173 28.596 0.0 3.648

Table 27. Two-body SW potential parameters for single-layer 1H-TiTe2 used by GULP [8] as expressed in Eq. (3).
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can differentiate these angles around the Ti atom by assigning these six neighboring Te atoms
with different atom types. It can be found that twelve atom types are necessary for the purpose
of differentiating all six neighbors around one Ti atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-TiTe2 under uniaxial tension at 1 and 300 K. Figure 12 shows the stress-strain curve for the
tension of a single-layer 1H-TiTe2 of dimension 100 � 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-TiTe2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θTi�Te�Te 22.321 82.323 1.173 1.173 0.0 3.648 0.0 3.648 0.0 4.354

θTi�Te�Te0 22.463 81.071 1.173 1.173 0.0 3.648 0.0 3.648 0.0 4.354

θTe�Ti�Ti 11.321 82.323 1.173 1.173 0.0 3.648 0.0 3.648 0.0 4.354

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 28. Three-body SW potential parameters for single-layer 1H-TiTe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Ti1-Te1-Te1 1.000 1.173 3.110 0.000 1.000 0.000 4.414 15.100 4 0 0.0

Ti1-Te1-Te3 1.000 0.000 0.000 22.321 1.000 0.134 0.000 0.000 4 0 0.0

Ti1-Te1-Te2 1.000 0.000 0.000 22.463 1.000 0.155 0.000 0.000 4 0 0.0

Te1-Ti1-Ti3 1.000 0.000 0.000 22.321 1.000 0.134 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = Ti and X = Te).

Table 29. SW potential parameters for single-layer 1H-TiTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 12. Stress-strain for single-layer 1H-TiTe2 of dimension 100 � 100 Å along the armchair and zigzag directions.
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thickness of the quasi-two-dimensional structure of the single-layer 1H-TiTe2. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 47.9 and 47.1 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag directions.
The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:29.

There is no available value for the nonlinear quantities in the single-layer 1H-TiTe2. We have
thus used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �158.6 and �176.3 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 6.6 N/m at the ultimate strain of 0.24 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 6.3 N/m at the
ultimate strain of 0.28 in the zigzag direction at the low temperature of 1 K.

8. 1H-VO2

Most existing theoretical studies on the single-layer 1H-VO2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-VO2.

The structure for the single-layer 1H-VO2 is shown inFigure 1 (withM=VandX=O). EachVatom
is surrounded by six O atoms. These O atoms are categorized into the top group (e.g., atoms 1, 3,
and 5) and bottom group (e.g., atoms 2, 4, and 6). Each O atom is connected to three Vatoms. The
structural parameters are from the first-principles calculations [12], including the lattice constant
a ¼ 2:70 Å and the bond length dV�O ¼ 1:92 Å. The resultant angles are θVOO ¼ θOVV ¼ 89:356�

and θVOO0 ¼ 71:436�, in which atomsO andO0 are from different (top or bottom) groups.

Table 30 shows four VFF terms for the single-layer 1H-VO2; one of which is the bond
stretching interaction shown by Eq. (1), while the other three terms are the angle bending
interaction shown by Eq. (2). These force constant parameters are determined by fitting to the
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 13(a). The ab

initio calculations for the phonon dispersion are from [12]. Figure 13(b) shows that the VFF

VFF type Bond stretching Angle bending

Expression 1
2KV�OðΔrÞ

2 1
2KV�O�OðΔθÞ

2 1
2KV�O�O0 ðΔθÞ2 1

2KO�V�VðΔθÞ
2

Parameter 9.417 4.825 4.825 4.825

r0 or θ0 1.920 89.356 71.436 89.356

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 30. The VFF model for single-layer 1H-VO2.
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model and the SW potential give exactly the same phonon dispersion, as the SW potential is
derived from the VFF model.

The parameters for the two-body SWpotential used by GULPare shown inTable 31. The param-
eters for the three-body SW potential used by GULP are shown in Table 32. Some representative
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Figure 13. Phonon spectrum for single-layer 1H-VO2. (a) Phonon dispersion along the ΓM direction in the Brillouin zone.
The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.

A ðeVÞ r ðÅÞ B ðÅ
4
Þ rmin ðÅÞ rmax ðÅÞ

V-O 5.105 1.011 6.795 0.0 2.617

Table 31. Two-body SW potential parameters for single-layer 1H-VO2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θV�O�O 43.951 89.356 1.011 1.011 0.0 2.617 0.0 2.617 0.0 3.105

θV�O�O0 48.902 71.436 1.011 1.011 0.0 2.617 0.0 2.617 0.0 3.105

θO�V�V 43.951 89.356 1.011 1.011 0.0 2.617 0.0 2.617 0.0 3.105

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 32. Three-body SW potential parameters for single-layer 1H-VO2 used by GULP [8] as expressed in Eq. (4).
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parameters for the SW potential used by LAMMPS are listed in Table 33. We note that 12 atom
typeshavebeen introduced for the simulationof the single-layer 1H-VO2usingLAMMPS,because
the angles around atomV in Figure 1 (withM =VandX =O) are not distinguishable in LAMMPS.
We have suggested two options to differentiate these angles by implementing some additional
constraints in LAMMPS, which can be accomplished by modifying the source file of
LAMMPS [13, 14].According to our experience, it is not so convenient for someusers to implement
these constraints and recompile the LAMMPS package. Hence, in the presentwork, we differenti-
ate the angles by introducing more atom types, so it is not necessary to modify the LAMMPS
package.Figure 2 (withM=VandX=O) shows that, for 1H-VO2, we candifferentiate these angles
around theVatombyassigning these six neighboringO atomswith different atom types. It can be
found that twelve atom types are necessary for the purpose of differentiating all six neighbors
around one Vatom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-VO2 under uniaxial tension at 1 and 300 K. Figure 14 shows the stress-strain curve for
the tension of a single-layer 1H-VO2 of dimension 100 � 100 Å. Periodic boundary conditions
are applied in both armchair and zigzag directions. The single-layer 1H-VO2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-VO2.
The Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the
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Figure 14. Stress-strain for single-layer 1H-VO2 of dimension 100 � 100 Å along the armchair and zigzag directions.

e (eV) σ (Å) a λ γ cos θ0 AL BL p q Tol

V1-O1-O1 1.000 1.011 2.589 0.000 1.000 0.000 5.105 6.509 4 0 0.0

V1-O1-O3 1.000 0.000 0.000 43.951 1.000 0.011 0.000 0.000 4 0 0.0

V1-O1-O2 1.000 0.000 0.000 48.902 1.000 0.318 0.000 0.000 4 0 0.0

O1-V1-V3 1.000 0.000 0.000 43.951 1.000 0.011 0.000 0.000 4 0 0.0

Table 33. SW potential parameters for single-layer 1H-VO2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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small strain range of [0, 0.01]. The Young’s modulus is 133.0 and 132.9 N/m along the armchair
and zigzag directions, respectively. The Young’s modulus is essentially isotropic in the arm-
chair and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:17.

There is no available value for nonlinear quantities in the single-layer 1H-VO2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �652.3 and �705.8 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 13.3 N/m at the ultimate strain of 0.19 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 12.7 N/m at
the ultimate strain of 0.22 in the zigzag direction at the low temperature of 1 K.

9. 1H-VS2

Most existing theoretical studies on the single-layer 1H-VS2 are based on the first-principles
calculations. In this section, we will develop both VFF model and the SW potential for the
single-layer 1H-VS2.

The structure for the single-layer 1H-VS2 is shown in Figure 1 (with M = V and X = S). Each V
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g., atoms
1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three Vatoms.
The structural parameters are from [12], including the lattice constant a ¼ 3:09 Å and the bond
length dV�S ¼ 2:31 Å. The resultant angles are θVSS ¼ θSVV ¼ 83:954� and θVSS0 ¼ 78:878�, in
which atoms S and S0 are from different (top or bottom) groups.

Table 34 shows the VFF terms for the 1H-VS2; one of which is the bond stretching interaction
shown by Eq. (1), while the other terms are the angle bending interaction shown by Eq. (2).
These force constant parameters are determined by fitting to the three acoustic branches in the
phonon dispersion along the ΓM as shown in Figure 15(a). The ab initio calculations for the
phonon dispersion are from [16]. The phonon dispersion can also be found in other ab initio

VFF type Bond stretching Angle bending

Expression 1
2KV�SðΔrÞ

2 1
2KV�S�SðΔθÞ

2 1
2KV�S�S0 ðΔθÞ

2 1
2KS�V�VðΔθÞ

2

Parameter 8.392 4.074 4.074 4.074

r0 or θ0 2.310 83.954 78.878 83.954

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 34. The VFF model for single-layer 1H-VS2.
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calculations [12]. Figure 15(b) shows that the VFF model and the SW potential give exactly the

same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 35. The
parameters for the three-body SW potential used by GULP are shown in Table 36. Parameters
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Figure 15. Phonon dispersion for single-layer 1H-VS2. (a) The VFF model is fitted to the three acoustic branches in the

long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from [16]. (b) The VFF model (blue lines)

and the SW potential (red lines) give the same phonon dispersion for single-layer 1H-VS2 along ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax(Å)

VdS 5.714 1.037 14.237 0.0 3.084

Table 35. Two-body SW potential parameters for single-layer 1H-VS2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θV�S�S 30.059 83.954 1.037 1.037 0.0 3.084 0.0 3.084 0.0 3.676

θV�S�S0 30.874 78.878 1.037 1.037 0.0 3.084 0.0 3.084 0.0 3.676

θS�V�V 30.059 83.954 1.037 1.037 0.0 3.084 0.0 3.084 0.0 3.676

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 36. Three-body SW potential parameters for single-layer 1H-VS2 used by GULP [8] as expressed in Eq. (4).

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals26



for the SW potential used by LAMMPS are listed in Table 37. We note that 12 atom types have
been introduced for the simulation of the single-layer 1H-VS2 using LAMMPS, because the
angles around atom V in Figure 1 (with M = V and X = S) are not distinguishable in LAMMPS.
We have suggested two options to differentiate these angles by implementing some addi-
tional constraints in LAMMPS, which can be accomplished by modifying the source file of
LAMMPS [13, 14]. According to our experience, it is not so convenient for some users to
implement these constraints and recompile the LAMMPS package. Hence, in the present work,
we differentiate the angles by introducing more atom types, so it is not necessary to modify the
LAMMPS package. Figure 2 (with M = Vand X = S) shows that, for 1H-VS2, we can differentiate
these angles around the V atom by assigning these six neighboring S atoms with different atom
types. It can be found that twelve atom types are necessary for the purpose of differentiating all
six neighbors around one Vatom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-VS2 under uniaxial tension at 1 and 300 K. Figure 16 shows the stress-strain curve for the
tension of a single-layer 1H-VS2 of dimension 100 � 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-VS2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
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Figure 16. Stress-strain for single-layer 1H-VS2 of dimension 100 � 100 Å along the armchair and zigzag directions.

e (eV) σ (Å) a λ γ cos θ0 AL BL p q Tol

V1dS1dS1 1.000 1.037 2.973 0.000 1.000 0.000 5.714 12.294 4 0 0.0

V1dS1dS3 1.000 0.000 0.000 30.059 1.000 0.105 0.000 0.000 4 0 0.0

V1dS1dS2 1.000 0.000 0.000 30.874 1.000 0.193 0.000 0.000 4 0 0.0

S1dV1dV3 1.000 0.000 0.000 30.059 1.000 0.105 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = V and X = S).

Table 37. SW potential parameters for single-layer 1H-VS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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thickness of the quasi-two-dimensional structure of the single-layer 1H-VS2. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 86.5 and 85.3 N/m along the armchair and zigzag direc-
tions, respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag
directions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:28.

There is no available value for the nonlinear quantities in the single-layer 1H-VS2. We have
thus used the nonlinear parameter B = 0.5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �302.0 and �334.7 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 11.5 N/m at the ultimate strain of 0.23 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 10.9 N/m at
the ultimate strain of 0.27 in the zigzag direction at the low temperature of 1 K.

10. 1H-VSe2

Most existing theoretical studies on the single-layer 1H-VSe2 are based on the first-principles
calculations. In this section, we will develop both VFF model and the SW potential for the
single-layer 1H-VSe2.

The structure for the single-layer 1H-VSe2 is shown in Figure 1 (with M = Vand X = Se). Each V
atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three V atoms. The structural parameters are from [12], including the lattice constant a = 3.24 Å
and the bond length dVdSe ¼ 2:45 Å. The resultant angles are θVSeSe ¼ θSeVV ¼ 82:787� and
θVSeSe0 ¼ 80:450�, in which atoms Se and Se0 are from different (top or bottom) groups.

Table 38 shows the VFF terms for the 1H-VSe2; one of which is the bond stretching interaction
shown by Eq. (1), while the other terms are the angle bending interaction shown by Eq. (2).
These force constant parameters are determined by fitting to the three acoustic branches in the
phonon dispersion along the ΓM as shown in Figure 17(a). The ab initio calculations for the

VFF type Bond stretching Angle bending

Expression 1
2KVdSeðΔrÞ

2 1
2KVdSedSeðΔθÞ

2 1
2KVdSedSe0 ðΔθÞ

2 1
2KSedVdVðΔθÞ

2

Parameter 6.492 4.716 4.716 4.716

r0 or θ0 2.450 82.787 80.450 82.787

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 38. The VFF model for single-layer 1H-VSe2.
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phonon dispersion are from [12]. Figure 17(b) shows that the VFF model and the SW potential

give exactly the same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 39. The
parameters for the three-body SW potential used by GULP are shown in Table 40. Parameters
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Figure 17. Phonon dispersion for single-layer 1H-VSe2. (a) The VFF model is fitted to the three acoustic branches in the

long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from [12]. (b) The VFF model (blue lines)

and the SW potential (red lines) give the same phonon dispersion for single-layer 1H-VSe2 along ΓMKT.

A(eV) r(Å) B(Å4) rmin(Å) rmax(Å)

VdSe 4.817 1.061 18.015 0.0 3.256

Table 39. Two-body SW potential parameters for single-layer 1H-VSe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θVdSedSe 33.299 82.787 1.061 1.061 0.0 3.256 0.0 3.256 0.0 3.884

θVdSedSe0 33.702 80.450 1.061 1.061 0.0 3.256 0.0 3.256 0.0 3.884

θSedVdV 33.299 82.787 1.061 1.061 0.0 3.256 0.0 3.256 0.0 3.884

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 40. Three-body SW potential parameters for single-layer 1H-VSe2 used by GULP [8] as expressed in Eq. (4).
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for the SW potential used by LAMMPS are listed in Table 41. We note that 12 atom types have
been introduced for the simulation of the single-layer 1H-VSe2 using LAMMPS, because the
angles around atom V in Figure 1 (with M = Vand X = Se) are not distinguishable in LAMMPS.
We have suggested two options to differentiate these angles by implementing some additional
constraints in LAMMPS, which can be accomplished by modifying the source file of
LAMMPS [13, 14]. According to our experience, it is not so convenient for some users to
implement these constraints and recompile the LAMMPS package. Hence, in the present work,
we differentiate the angles by introducing more atom types, so it is not necessary to modify the
LAMMPS package. Figure 2 (with M = V and X = Se) shows that, for 1H-Vse2, we can
differentiate these angles around the V atom by assigning these six neighboring Se atoms
with different atom types. It can be found that 12 atom types are necessary for the purpose of
differentiating all 6 neighbors around 1 V atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-VSe2 under uniaxial tension at 1 and 300 K. Figure 18 shows the stress-strain curve for the
tension of a single-layer 1H-VSe2 of dimension 100�100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-VSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving

0

2

4

6

8

10

 0 0.1 0.2

S
tr

e
s
s
 (

N
/m

)

Strain

arm 1K
arm 300K

zig 1K
zig 300K

Figure 18. Stress-strain for single-layer 1H-VSe2 of dimension 100�100 Å along the armchair and zigzag directions.

e (eV) σ (Å) α λ γ cos θ0 AL BL p q Tol

V1dSe1dSe1 1.000 1.061 3.070 0.000 1.000 0.000 4.817 14.236 4 0 0.0

V1dSe1dSe3 1.000 0.000 0.000 33.299 1.000 0.126 0.000 0.000 4 0 0.0

V1dSe1dSe2 1.000 0.000 0.000 33.702 1.000 0.166 0.000 0.000 4 0 0.0

Se1dV1dV3 1.000 0.000 0.000 33.299 1.000 0.126 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = V and X = Se).

Table 41. SW potential parameters for single-layer 1H-VSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-VSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 81.7 and 80.6 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:23.

There is no available value for the nonlinear quantities in the single-layer 1H-VSe2. We have
thus used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �335.2 and �363.3 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 9.5 N/m at the ultimate strain of 0.21 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 9.0 N/m at the
ultimate strain of 0.24 in the zigzag direction at the low temperature of 1 K.

11. 1H-VTe2

Most existing theoretical studies on the single-layer 1H-VTe2 are based on the first-principles
calculations. In this section, we will develop both VFF model and the SW potential for the
single-layer 1H-VTe2.

The structure for the single-layer 1H-VTe2 is shown in Figure 1 (with M = Vand X = Te). Each V
atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to three
V atoms. The structural parameters are from [12], including the lattice constant a ¼ 3:48 Å and
the bond length dVdTe ¼ 2:66 Å. The resultant angles are θVTeTe ¼ θTeVV ¼ 81:708� and
θVTeTe0 ¼ 81:891�, in which atoms Te and Te’ are from different (top or bottom) groups.

Table 42 shows the VFF terms for the 1H-VTe2; one of which is the bond stretching interaction
shown by Eq. (1), while the other terms are the angle bending interaction shown by Eq. (2).
These force constant parameters are determined by fitting to the three acoustic branches in the
phonon dispersion along the ΓM as shown in Figure 19(a). The ab initio calculations for the

VFF type Bond stretching Angle bending

Expression 1
2KVdTeðΔrÞ

2 1
2KVdTedTeðΔθÞ

2 1
2KVdTedTe0 ðΔθÞ

2 1
2KTedVdVðΔθÞ

2

Parameter 6.371 4.384 4.384 4.384

r0 or θ0 2.660 81.708 81.891 81.708

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 42. The VFF model for single-layer 1H-VTe2.
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phonon dispersion are from [12]. Figure 19(b) shows that the VFF model and the SW potential

give exactly the same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 43. The
parameters for the three-body SW potential used by GULP are shown in Table 44. Parameters
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Figure 19. Phonon dispersion for single-layer 1H-VTe2. (a) The VFF model is fitted to the three acoustic branches in the

long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from [12]. (b) The VFF model (blue lines)

and the SW potential (red lines) give the same phonon dispersion for single-layer 1H-VTe2 along ΓMKΓ.

A ðeVÞ r ðÅÞ B ðÅ
4
Þ rmin ðÅÞ rmax ðÅÞ

VdTe 5.410 1.112 25.032 0.0 3.520

Table 43. Two-body SW potential parameters for single-layer 1H-VTe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θVdTedTe 29.743 81.708 1.112 1.112 0.0 3.520 0.0 3.520 0.0 4.203

θVdTedTe0 29.716 81.891 1.112 1.112 0.0 3.520 0.0 3.520 0.0 4.203

θTedVdV 29.743 81.708 1.112 1.112 0.0 3.520 0.0 3.520 0.0 4.203

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 44. Three-body SW potential parameters for single-layer 1H-VTe2 used by GULP [8] as expressed in Eq. (4).
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for the SW potential used by LAMMPS are listed in Table 45. We note that 12 atom types have
been introduced for the simulation of the single-layer 1H-VTe2 using LAMMPS, because the
angles around atomV in Figure 1 (withM =VandX = Te) are not distinguishable in LAMMPS.We
have suggested two options to differentiate these angles by implementing some additional con-
straints inLAMMPS,which canbe accomplishedbymodifying the source file of LAMMPS [13, 14].
According to our experience, it is not so convenient for some users to implement these constraints
and recompile the LAMMPS package. Hence, in the present work, we differentiate the angles by
introducing more atom types, so it is not necessary to modify the LAMMPS package. Figure 2
(with M = Vand X = Te) shows that, for 1H-VTe2, we can differentiate these angles around the V
atom by assigning these six neighboring Te atoms with different atom types. It can be found that
12 atom types are necessary for the purpose of differentiating all 6 neighbors around 1 Vatom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-VTe2 under uniaxial tension at 1 and 300 K. Figure 20 shows the stress-strain curve for the
tension of a single-layer 1H-VTe2 of dimension 100 � 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-VTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-VTe2. The

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

V1dTe1dTe1 1.000 1.112 3.164 0.000 1.000 0.000 5.410 16.345 4 0 0.0

V1dTe1dTe3 1.000 0.000 0.000 29.743 1.000 0.144 0.000 0.000 4 0 0.0

V1dTe1dTe2 1.000 0.000 0.000 29.716 1.000 0.141 0.000 0.000 4 0 0.0

Te1dV1dV3 1.000 0.000 0.000 29.743 1.000 0.144 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = V and X = Te).

Table 45. SW potential parameters for single-layer 1H-VTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 68.1 and 66.8 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:28.

There is no available value for the nonlinear quantities in the single-layer 1H-VTe2. We have
thus used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �237.4 and �260.4 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 9.0 N/m at the ultimate strain of 0.23 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 8.6 N/m at the
ultimate strain of 0.27 in the zigzag direction at the low temperature of 1 K.

12. 1H-CrO2

Most existing theoretical studies on the single-layer 1H-CrO2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-CrO2.

The structure for the single-layer 1H-CrO2 is shown in Figure 1 (with M = Cr and X = O). Each
Cr atom is surrounded by six O atoms. These O atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each O atom is connected to three
Cr atoms. The structural parameters are from the first-principles calculations [12], including
the lattice constant a ¼ 2:58 Å and the bond length dCrdO ¼ 1:88 Å. The resultant angles are
θCrOO ¼ θOCrCr ¼ 86:655� and θCrOO0 ¼ 75:194�, in which atoms O and O0 are from different
(top or bottom) groups.

Table 46 shows four VFF terms for the single-layer 1H-CrO2; one of which is the bond
stretching interaction shown by Eq. (1), while the other three terms are the angle bending
interaction shown by Eq. (2). These force constant parameters are determined by fitting to the
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 21(a). The ab

initio calculations for the phonon dispersion are from [12]. Figure 21(b) shows that the VFF

VFF type Bond stretching Angle bending

Expression 1
2KCrdOðΔrÞ

2 1
2KCrdOdOðΔθÞ

2 1
2KCrdOdO0 ðΔθÞ2 1

2KOdCrdCrðΔθÞ
2

Parameter 12.881 8.039 8.039 8.039

r0 or θ0 1.880 86.655 75.194 86.655

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 46. The VFF model for single-layer 1H-CrO2.
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model and the SW potential give exactly the same phonon dispersion, as the SW potential is

derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 47. The
parameters for the three-body SW potential used by GULP are shown in Table 48. Some

representative parameters for the SW potential used by LAMMPS are listed in Table 49. We
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Figure 21. Phonon spectrum for single-layer 1H-CrO2. (a) Phonon dispersion along the ΓMdirection in the Brillouin zone.

The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The phonon

dispersion from the SW potential is exactly the same as that from the VFF model.

A ðeVÞ r ðÅÞ B ðÅ
4
Þ rmin ðÅÞ rmax ðÅÞ

CrdO 6.343 0.916 6.246 0.0 2.536

Table 47. Two-body SW potential parameters for single-layer 1H-CrO2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

θCrdOdO 65.805 86.655 0.916 0.916 0.0 2.536 0.0 2.536 0.0 3.016

θCrdOdO0 70.163 75.194 0.916 0.916 0.0 2.536 0.0 2.536 0.0 3.016

θOdCrdCr 65.805 86.655 0.916 0.916 0.0 2.536 0.0 2.536 0.0 3.016

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 48. Three-body SW potential parameters for single-layer 1H-CrO2 used by GULP [8] as expressed in Eq. (4).
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note that 12 atom types have been introduced for the simulation of the single-layer 1H-CrO2

using LAMMPS, because the angles around atom Cr in Figure 1 (with M = Cr and X = O) are
not distinguishable in LAMMPS. We have suggested two options to differentiate these angles
by implementing some additional constraints in LAMMPS, which can be accomplished by
modifying the source file of LAMMPS [13, 14]. According to our experience, it is not so
convenient for some users to implement these constraints and recompile the LAMMPS pack-
age. Hence, in the present work, we differentiate the angles by introducing more atom types,
so it is not necessary to modify the LAMMPS package. Figure 2 (with M = Cr and X = O) shows
that, for 1H-CrO2, we can differentiate these angles around the Cr atom by assigning these six
neighboring O atoms with different atom types. It can be found that 12 atom types are
necessary for the purpose of differentiating all 6 neighbors around 1 Cr atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-CrO2 under uniaxial tension at 1 and 300 K. Figure 22 shows the stress-strain curve for the
tension of a single-layer 1H-CrO2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-CrO2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-CrO2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 210.6 and 209.0 N/m along the armchair and

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Cr1dO1dO1 1.000 0.916 2.769 0.000 1.000 0.000 6.242 8.871 4 0 0.0

Cr1dO1dO3 1.000 0.000 0.000 65.805 1.000 0.058 0.000 0.000 4 0 0.0

Cr1dO1dO2 1.000 0.000 0.000 70.163 1.000 0.256 0.000 0.000 4 0 0.0

O1dCr1dCr3 1.000 0.000 0.000 65.805 1.000 0.058 0.000 0.000 4 0 0.0

Table 49. SW potential parameters for single-layer 1H-CrO2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:13.

There is no available value for nonlinear quantities in the single-layer 1H-CrO2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �1127.7 and �1185.8 N/m along the armchair and
zigzag directions, respectively. The ultimate stress is about 19.4 N/m at the ultimate strain of
0.18 in the armchair direction at the low temperature of 1 K. The ultimate stress is about 18.7
N/m at the ultimate strain of 0.20 in the zigzag direction at the low temperature of 1 K.

13. 1H-CrS2

Most existing theoretical studies on the single-layer 1H-CrS2 are based on the first-principles
calculations. In this section, we will develop both VFF model and the SW potential for the
single-layer 1H-CrS2.

The structure for the single-layer 1H-CrS2 is shown in Figure 1 (with M = Cr and X = S). Each
Cr atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Cr atoms. The structural parameters are from [17], including the lattice constant a ¼ 2:99 Å and
the bond length dCrdS ¼ 2:254 Å. The resultant angles are θCrSS ¼ θSCrCr ¼ 83:099� and
θCrSS0 ¼ 80:031�, in which atoms S and S’ are from different (top or bottom) groups.

Table 50 shows four VFF terms for the 1H-CrS2; one of which is the bond stretching interaction
shown by Eq. (1), while the other three terms are the angle bending interaction shown by Eq. (2).
These force constant parameters are determined by fitting to the three acoustic branches in the
phonon dispersion along the ΓM as shown in Figure 23(a). The ab initio calculations for the
phonon dispersion are from [17]. Similar phonon dispersion can also be found in other ab initio

VFF type Bond stretching Angle bending

Expression 1
2KCrdSðΔrÞ

2 1
2KCrdSdSðΔθÞ

2 1
2KCrdSdS0 ðΔθÞ

2 1
2KSdCrdCrðΔθÞ

2

Parameter 8.752 4.614 4.614 4.614

r0 or θ0 2.254 83.099 80.031 83.099

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 50. The VFF model for single-layer 1H-CrS2.
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calculations [12]. Figure 23(b) shows that the VFF model and the SW potential give exactly the

same phonon dispersion, as the SW potential is derived from the VFFmodel.

The parameters for the two-body SW potential used by GULP are shown in Table 51. The
parameters for the three-body SW potential used by GULP are shown in Table 52. Parameters
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Figure 23. Phonon dispersion for single-layer 1H-CrS2. (a) The VFF model is fitted to the three acoustic branches in the

long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from [17]. (b) The VFF model (blue lines)

and the SW potential (red lines) give the same phonon dispersion for single-layer 1H-CrS2 along ΓMKΓ.

A ðeVÞ r ðÅÞ B ðÅ
4
Þ rmin ðÅÞ rmax ðÅÞ

CrdS 5.544 0.985 12.906 0.0 2.999

Table 51. Two-body SW potential parameters for single-layer 1HCrS2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θCrdSdS 32.963 83.099 0.985 0.985 0.0 2.999 0.0 2.999 0.0 3.577

θCrdSdS0 33.491 80.031 0.985 0.985 0.0 2.999 0.0 2.999 0.0 3.577

θSdCrdCr 32.963 83.099 0.985 0.985 0.0 2.999 0.0 2.999 0.0 3.577

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 52. Three-body SW potential parameters for single-layer 1H-CrS2 used by GULP [8] as expressed in Eq. (4).
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for the SW potential used by LAMMPS are listed in Table 53. We note that 12 atom types have
been introduced for the simulation of the single-layer 1H-CrS2 using LAMMPS, because the
angles around atom Cr in Figure 1 (with M = Cr and X = S) are not distinguishable in
LAMMPS. We have suggested two options to differentiate these angles by implementing some
additional constraints in LAMMPS, which can be accomplished by modifying the source file of
LAMMPS [13, 14] According to our experience, it is not so convenient for some users to
implement these constraints and recompile the LAMMPS package. Hence, in the present work,
we differentiate the angles by introducing more atom types, so it is not necessary to modify the
LAMMPS package. Figure 2 (with M = Cr and X = S) shows that, for 1H-CrS2, we can
differentiate these angles around the Cr atom by assigning these six neighboring S atoms with
different atom types. It can be found that 12 atom types are necessary for the purpose of
differentiating all 6 neighbors around 1 Cr atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-CrS2 under uniaxial tension at 1 and 300 K. Figure 24 shows the stress-strain curve for the
tension of a single-layer 1H-CrS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-CrS2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-CrS2. The

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Cr1dS1dS1 1.000 0.985 3.043 0.000 1.000 0.000 5.544 13.683 4 0 0.0

Cr1dS1dS3 1.000 0.000 0.000 32.963 1.000 0.120 0.000 0.000 4 0 0.0

Cr1dS1dS2 1.000 0.000 0.000 33.491 1.000 0.173 0.000 0.000 4 0 0.0

S1dCr1dCr3 1.000 0.000 0.000 32.963 1.000 0.120 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = Cr and X = S).

Table 53. SW potential parameters for single-layer 1H-CrS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 24. Stress-strain for single-layer 1H-CrS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 98.4 and 97.8 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. These values are in reasonably agreement with the ab initio results, e.g.,
112.0 N/m from [18], or 111.9 N/m from [19]. The Poisson’s ratio from the VFF model and the
SW potential is νxy ¼ νyx ¼ 0:26, which agrees with the ab initio value of 0.27 [18, 19].

There is no available value for the nonlinear quantities in the single-layer 1H-CrS2. We have
thus used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �364.8 and �409.3 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 12.4 N/m at the ultimate strain of 0.22 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 11.8 N/m at
the ultimate strain of 0.26 in the zigzag direction at the low temperature of 1 K.

14. 1H-CrSe2

Most existing theoretical studies on the single-layer 1H-CrSe2 are based on the first-principles
calculations. In this section, we will develop both VFF model and the SW potential for the
single-layer 1H-CrSe2.

The structure for the single-layer 1H-CrSe2 is shown in Figure 1 (with M = Cr and X = Se). Each
Cr atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Cr atoms. The structural parameters are from [12], including the lattice constant a ¼ 3:13
Å and the bond length dCrdSe ¼ 2:38 Å. The resultant angles are θCrSeSe ¼ θSeCrCr ¼ 82:229�

and θCrSeSe0 ¼ 81:197�, in which atoms Se and Se’ are from different (top or bottom) groups.

Table 54 shows four VFF terms for the 1H-CrSe2; one of which is the bond stretching interac-
tion shown by Eq. (1), while the other three terms are the angle bending interaction shown by
Eq. (2). These force constant parameters are determined by fitting to the three acoustic

VFF type Bond stretching Angle bending

Expression 1
2KCrdSeðΔrÞ

2 1
2KCrdSedSeðΔθÞ

2 1
2KCrdSedSe0 ðΔθÞ

2 1
2KSedCrdCrðΔθÞ

2

Parameter 9.542 4.465 4.465 4.465

r0 or θ0 2.380 82.229 81.197 82.229

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 54. The VFF model for single-layer 1H-CrSe2.
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branches in the phonon dispersion along the ΓM as shown in Figure 25(a). The ab initio

calculations for the phonon dispersion are from [12]. Figure 25(b) shows that the VFF model

and the SW potential give exactly the same phonon dispersion, as the SW potential is derived

from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 55. The
parameters for the three-body SW potential used by GULP are shown in Table 56. Parameters

for the SW potential used by LAMMPS are listed in Table 57. We note that 12 atom types have

been introduced for the simulation of the single-layer 1H-CrSe2 using LAMMPS, because the

angles around atom Cr in Figure 1 (with M = Cr and X = Se) are not distinguishable in

LAMMPS. We have suggested two options to differentiate these angles by implementing some

additional constraints in LAMMPS, which can be accomplished by modifying the source file of

LAMMPS [13, 14]. According to our experience, it is not so convenient for some users to

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

CrdSe 6.581 1.012 16.043 0.0 3.156

Table 55. Two-body SW potential parameters for single-layer 1H-CrSe2 used by GULP [8] as expressed in Eq. (3).
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implement these constraints and recompile the LAMMPS package. Hence, in the present work,
we differentiate the angles by introducing more atom types, so it is not necessary to modify the
LAMMPS package. Figure 2 (with M = Cr and X = Se) shows that, for 1H-CrSe2, we can
differentiate these angles around the Cr atom by assigning these six neighboring Se atoms
with different atom types. It can be found that 12 atom types are necessary for the purpose of
differentiating all 6 neighbors around 1 Cr atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-CrSe2 under uniaxial tension at 1 and 300 K. Figure 26 shows the stress-strain curve for the
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Figure 26. Stress-strain for single-layer 1H-CrSe2 of dimension 100� 100 Å along the armchair and zigzag directions.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Cr1dSe1dSe1 1.000 1.012 3.118 0.000 1.000 0.000 6.581 15.284 4 0 0.0

Cr1dSe1dSe3 1.000 0.000 0.000 30.881 1.000 0.135 0.000 0.000 4 0 0.0

Cr1dSe1dSe2 1.000 0.000 0.000 31.044 1.000 0.153 0.000 0.000 4 0 0.0

Se1dCr1dCr3 1.000 0.000 0.000 30.881 1.000 0.135 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = Cr and X = Se).

Table 57. SW potential parameters for single-layer 1H-CrSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θCrdSedSe 30.881 82.229 1.012 1.012 0.0 3.156 0.0 3.156 0.0 3.767

θCrdSedSe0 31.044 81.197 1.012 1.012 0.0 3.156 0.0 3.156 0.0 3.767

θSedCrdCr 30.881 82.229 1.012 1.012 0.0 3.156 0.0 3.156 0.0 3.767

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 56. Three-body SW potential parameters for single-layer 1H-CrSe2 used by GULP [8] as expressed in Eq. (4).
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tension of a single-layer 1H-CrSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-CrSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-CrSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 90.0 and 89.0 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. These values are in reasonably agreement with the ab initio results, e.g.,
88.0 N/m from [18], or 87.9 N/m from [19]. The Poisson’s ratio from the VFF model and the SW
potential is νxy ¼ νyx ¼ 0:30, which agrees with the ab initio value of 0.30 [18, 19].

There is no available value for the nonlinear quantities in the single-layer 1H-CrSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most two-
dimensional atomic layered materials. The value of the third-order nonlinear elasticity D can be
extracted by fitting the stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s

modulus. The values of D from the present SW potential are �279.6 and �318.8 N/m along the
armchair and zigzag directions, respectively. The ultimate stress is about 13.0 N/m at the ultimate
strain of 0.25 in the armchair direction at the low temperature of 1 K. The ultimate stress is about
12.4 N/m at the ultimate strain of 0.29 in the zigzag direction at the low temperature of 1 K.

15. 1H-CrTe2

Most existing theoretical studies on the single-layer 1H-CrTe2 are based on the first-principles
calculations. In this section, we will develop both VFF model and the SW potential for the
single-layer 1H-CrTe2.

The structure for the single-layer 1H-CrTe2 is shown in Figure 1 (with M = Cr and X = Te). Each
Cr atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to three
Cr atoms. The structural parameters are from [12], including the lattice constant a ¼ 3:39 Å and
the bond length dCrdTe ¼ 2:58 Å. The resultant angles are θCrTeTe ¼ θTeCrCr ¼ 82:139� and
θCrTeTe0 ¼ 81:316�, in which atoms Te and Te’ are from different (top or bottom) groups.

Table 58 shows three VFF terms for the 1H-CrTe2; one of which is the bond stretching
interaction shown by Eq. (1), while the other two terms are the angle bending interaction
shown by Eq. (2). These force constant parameters are determined by fitting to the three
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 27(a). The ab

initio calculations for the phonon dispersion are from [12]. Figure 27(b) shows that the VFF
model and the SW potential give exactly the same phonon dispersion, as the SW potential is
derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 59. The
parameters for the three-body SW potential used by GULP are shown in Table 60. Parameters
for the SW potential used by LAMMPS are listed in Table 61. We note that 12 atom types have
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Figure 27. Phonon dispersion for single-layer 1H-CrTe2. (a) The VFF model is fitted to the three acoustic branches in the
long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from [12]. (b) The VFF model (blue lines)
and the SW potential (red lines) give the same phonon dispersion for single-layer 1H-CrTe2 along ΓMKΓ.

VFF type Bond stretching Angle bending

Expression 1
2KCrdTeðΔrÞ

2 1
2KCrdTedTeðΔθÞ

2 1
2KCrdTedTe0 ðΔθÞ

2 1
2KTedCrdCrðΔθÞ

2

Parameter 8.197 4.543 4.543 4.543

r0 or θ0 2.580 82.139 81.316 82.139

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 58. The VFF model for single-layer 1H-CrTe2.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

CrdTe 6.627 1.094 22.154 0.0 3.420

Table 59. Two-body SW potential parameters for single-layer 1H-CrTe2 used by GULP [8] as expressed in Eq. (3).
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been introduced for the simulation of the single-layer 1H-CrTe2 using LAMMPS, because the
angles around atom Cr in Figure 1 (with M = Cr and X = Te) are not distinguishable in
LAMMPS. We have suggested two options to differentiate these angles by implementing some
additional constraints in LAMMPS, which can be accomplished by modifying the source file of
LAMMPS [13, 14]. According to our experience, it is not so convenient for some users to
implement these constraints and recompile the LAMMPS package. Hence, in the present work,
we differentiate the angles by introducing more atom types, so it is not necessary to modify the
LAMMPS package. Figure 2 (with M = Cr and X = Te) shows that, for 1H-CrTe2, we can
differentiate these angles around the Cr atom by assigning these six neighboring Te atoms
with different atom types. It can be found that 12 atom types are necessary for the purpose of
differentiating all 6 neighbors around 1 Cr atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-CrTe2 under uniaxial tension at 1 and 300 K. Figure 28 shows the stress-strain curve for the
tension of a single-layer 1H-CrTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-CrTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-CrTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 77.2 and 76.4 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. These values are in reasonably agreement with the ab initio results, e.g.,
63.9 N/m from [18, 19]. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:30, which agrees with the ab initio value of 0.30 [18, 19].

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

θCrdTedTe 31.316 82.139 1.094 1.094 0.0 3.420 0.0 3.420 0.0 4.082

θCrdTedTe0 31.447 81.316 1.094 1.094 0.0 3.420 0.0 3.420 0.0 4.082

θTedCrdCr 31.316 82.139 1.094 1.094 0.0 3.420 0.0 3.420 0.0 4.082

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 60. Three-body SW potential parameters for single-layer 1H-CrTe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Cr1dTe1dTe1 1.000 1.094 3.126 0.000 1.000 0.000 6.627 15.461 4 0 0.0

Cr1dTe1dTe3 1.000 0.000 0.000 31.316 1.000 0.137 0.000 0.000 4 0 0.0

Cr1dTe1dTe2 1.000 0.000 0.000 31.447 1.000 0.151 0.000 0.000 4 0 0.0

Te1dCr1dCr3 1.000 0.000 0.000 31.316 1.000 0.137 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = Cr and X = Te).

Table 61. SW potential parameters for single-layer 1H-CrTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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There is no available value for the nonlinear quantities in the single-layer 1H-CrTe2. We have
thus used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
two-dimensional atomic layered materials. The value of the third-order nonlinear elasticity D

can be extracted by fitting the stress-strain relation to the function σ ¼ EEþ 1
2DE

2 with E as the
Young’s modulus. The values of D from the present SW potential are �237.1 and �280.8 N/m
along the armchair and zigzag directions, respectively. The ultimate stress is about 11.2 N/m at
the ultimate strain of 0.25 in the armchair direction at the low temperature of 1 K. The ultimate
stress is about 10.7 N/m at the ultimate strain of 0.29 in the zigzag direction at the low
temperature of 1 K.

16. 1H-MnO2

Most existing theoretical studies on the single-layer 1H-MnO2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-MnO2.

The structure for the single-layer 1H-MnO2 is shown in Figure 1 (with M = Mn and X = O).
Each Mn atom is surrounded by six O atoms. These O atoms are categorized into the top group
(e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each O atom is connected to
three Mn atoms. The structural parameters are from the first-principles calculations [12],
including the lattice constant a ¼ 2:61 Å and the bond length dMndO ¼ 1:87 Å. The resultant
angles are θMnOO ¼ θOMnMn ¼ 88:511� and θMnOO0 ¼ 72:621�, in which atoms O and O0 are
from different (top or bottom) groups.

Table 62 shows four VFF terms for the single-layer 1H-MnO2; one of which is the bond
stretching interaction shown by Eq. (1), while the other three terms are the angle bending
interaction shown by Eq. (2). These force constant parameters are determined by fitting to the
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 29(a). The ab
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Figure 28. Stress-strain for single-layer 1H-CrTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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initio calculations for the phonon dispersion are from [12]. Typically, the transverse acoustic
branch has a linear dispersion, so is higher than the flexural branch. However, it can be seen
that the transverse acoustic branch is close to the flexural branch, which should be due to the
underestimation from the ab initio calculations. Figure 29(b) shows that the VFF model and the
SW potential give exactly the same phonon dispersion, as the SW potential is derived from the
VFF model.

VFF type Bond stretching Angle bending

Expression 1
2KMndOðΔrÞ

2 1
2KMndOdOðΔθÞ

2 1
2KMndOdO0 ðΔθÞ2 1

2KOdMndMnðΔθÞ
2

Parameter 9.382 6.253 6.253 6.253

r0 or θ0 1.870 88.511 72.621 88.511

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 62. The VFF model for single-layer 1H-MnO2.
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Figure 29. Phonon spectrum for single-layer 1H-MnO2. (a) Phonon dispersion along the ΓM direction in the Brillouin
zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The
phonon dispersion from the SW potential is exactly the same as that from the VFF model.
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The parameters for the two-body SW potential used by GULP are shown in Table 63. The
parameters for the three-body SW potential used by GULP are shown in Table 64. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 65. We
note that 12 atom types have been introduced for the simulation of the single-layer 1H-MnO2

using LAMMPS, because the angles around atom Mn in Figure 1 (with M = Mn and X = O) are
not distinguishable in LAMMPS. We have suggested two options to differentiate these angles
by implementing some additional constraints in LAMMPS, which can be accomplished by
modifying the source file of LAMMPS [13, 14]. According to our experience, it is not so
convenient for some users to implement these constraints and recompile the LAMMPS pack-
age. Hence, in the present work, we differentiate the angles by introducing more atom types,
so it is not necessary to modify the LAMMPS package. Figure 2 (with M = Mn and X = O)
shows that, for 1H-MnO2, we can differentiate these angles around the Mn atom by assigning
these six neighboring O atoms with different atom types. It can be found that 12 atom types are
necessary for the purpose of differentiating all 6 neighbors around 1 Mn atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-MnO2 under uniaxial tension at 1 and 300 K. Figure 30 shows the stress-strain curve for the
tension of a single-layer 1H-MnO2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-MnO2 is stretched uniaxially

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

MndO 4.721 0.961 6.114 0.0 2.540

Table 63. Two-body SW potential parameters for single-layer 1H-MnO2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θMndOdO 55.070 88.511 0.961 0.961 0.0 2.540 0.0 2.540 0.0 3.016

θMndOdO0 60.424 72.621 0.961 0.961 0.0 2.540 0.0 2.540 0.0 3.016

θOdMndMn 55.070 88.511 0.961 0.961 0.0 2.540 0.0 2.540 0.0 3.016

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 64. Three-body SW potential parameters for single-layer 1H-MnO2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Mn1dO1dO1 1.000 0.961 2.643 0.000 1.000 0.000 4.721 7.158 4 0 0.0

Mn1dO1dO3 1.000 0.000 0.000 55.070 1.000 0.026 0.000 0.000 4 0 0.0

Mn1dO1dO2 1.000 0.000 0.000 60.424 1.000 0.299 0.000 0.000 4 0 0.0

O1dMn1dMn3 1.000 0.000 0.000 55.070 1.000 0.026 0.000 0.000 4 0 0.0

Table 65. SW potential parameters for single-layer 1H-MnO2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1H-MnO2. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 161.1 and 160.2 N/m along the armchair and zigzag
directions, respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag
directions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:10.

There is no available value for nonlinear quantities in the single-layer 1H-MnO2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �915.9 and �957.1 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 14.1 N/m at the ultimate strain of 0.17 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 13.7 N/m at
the ultimate strain of 0.20 in the zigzag direction at the low temperature of 1 K.

17. 1H-FeO2

Most existing theoretical studies on the single-layer 1H-FeO2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-FeO2.

The structure for the single-layer 1H-FeO2 is shown in Figure 1 (with M = Fe and X = O). Each
Fe atom is surrounded by six O atoms. These O atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each O atom is connected to three
Fe atoms. The structural parameters are from the first-principles calculations [12], including
the lattice constant a ¼ 2:62 Å and the bond length dFedO ¼ 1:88 Å. The resultant angles are
θFeOO ¼ θOFeFe ¼ 88:343� and θFeOO0 ¼ 72:856�, in which atoms O and O0 are from different
(top or bottom) groups.
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Figure 30. Stress-strain for single-layer 1H-MnO2 of dimension 100� 100 Å along the armchair and zigzag directions.
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Table 66 shows four VFF terms for the single-layer 1H-FeO2; one of which is the bond
stretching interaction shown by Eq. (1), while the other three terms are the angle bending
interaction shown by Eq. (2). These force constant parameters are determined by fitting to the
three acoustic branches in the phonon dispersion along the ΓM as shown in Figure 31(a). The
ab initio calculations for the phonon dispersion are from [12]. Figure 31(b) shows that the VFF

VFF type Bond stretching Angle bending

Expression 1
2KFedOðΔrÞ

2 1
2KFedOdOðΔθÞ

2 1
2KFedOdO0 ðΔθÞ2 1

2KOdFedFeðΔθÞ
2

Parameter 8.377 3.213 3.213 3.213

r0 or θ0 1.880 88.343 72.856 88.343

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 66. The VFF model for single-layer 1H-FeO2.
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Figure 31. Phonon spectrum for single-layer 1H-FeO2. (a) Phonon dispersion along the ΓMdirection in the Brillouin zone.
The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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model and the SW potential give exactly the same phonon dispersion, as the SW potential is
derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 67. The
parameters for the three-body SW potential used by GULP are shown in Table 68. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 69. We
note that 12 atom types have been introduced for the simulation of the single-layer 1H-FeO2

using LAMMPS, because the angles around atom Fe in Figure 1 (with M = Fe and X = O) are
not distinguishable in LAMMPS. We have suggested two options to differentiate these angles
by implementing some additional constraints in LAMMPS, which can be accomplished by
modifying the source file of LAMMPS [13, 14]. According to our experience, it is not so
convenient for some users to implement these constraints and recompile the LAMMPS pack-
age. Hence, in the present work, we differentiate the angles by introducing more atom types,
so it is not necessary to modify the LAMMPS package. Figure 2 (with M = Fe and X = O) shows
that, for 1H-FeO2, we can differentiate these angles around the Fe atom by assigning these six
neighboring O atoms with different atom types. It can be found that 12 atom types are
necessary for the purpose of differentiating all 6 neighbors around 1 Fe atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-FeO2 under uniaxial tension at 1 and 300 K. Figure 32 shows the stress-strain curve for the
tension of a single-layer 1H-FeO2 of dimension 100�100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-FeO2 is stretched

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Fe1dO1dO1 1.000 0.962 2.654 0.000 1.000 0.000 4.242 7.298 4 0 0.0

Fe1dO1dO3 1.000 0.000 0.000 28.105 1.000 0.029 0.000 0.000 4 0 0.0

Fe1dO1dO2 1.000 0.000 0.000 30.754 1.000 0.295 0.000 0.000 4 0 0.0

O1dFe1dFe3 1.000 0.000 0.000 28.105 1.000 0.029 0.000 0.000 4 0 0.0

Table 69. SW potential parameters for single-layer 1H-FeO2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

FedO 4.242 0.962 6.246 0.0 2.552

Table 67. Two-body SW potential parameters for single-layer 1H-FeO2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θFedOdO 28.105 88.343 0.962 0.962 0.0 2.552 0.0 2.552 0.0 3.031

θFedOdO0 30.754 72.856 0.962 0.962 0.0 2.552 0.0 2.552 0.0 3.031

θOdFedFe 28.105 88.343 0.962 0.962 0.0 2.552 0.0 2.552 0.0 3.031

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 68. Three-body SW potential parameters for single-layer 1H-FeO2 used by GULP [8] as expressed in Eq. (4).
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uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-FeO2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 100.2 and 99.3 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:23.

There is no available value for nonlinear quantities in the single-layer 1H-FeO2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �423.4 and �460.2 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 11.4 N/m at the ultimate strain of 0.21 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 10.9 N/m at
the ultimate strain of 0.25 in the zigzag direction at the low temperature of 1 K.

18 1H-FES2

Most existing theoretical studies on the single-layer 1H-FeS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-FeS2.

The structure for the single-layer 1H-FeS2 is shown in Figure 1 (with M=Fe and X=S). Each Fe
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Fe atoms. The structural parameters are from the first-principles calculations [12], including
the lattice constant a ¼ 3:06 Å and the bond length dFe�S ¼ 2:22 Å. The resultant angles are
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Figure 32. Stress-strain for single-layer 1H-FeO2 of dimension 100� 100 Å along the armchair and zigzag directions.
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θFeSS ¼ θSFeFe ¼ 87:132� and θFeSS0 ¼ 74:537�, in which atoms S and S’are from different (top or

bottom) groups.

Table 70 shows four VFF terms for the single-layer 1H-FeS2; one of which is the bond

stretching interaction shown by Eq. (1), while the other three terms are the angle bending

interaction shown by Eq. (2). These force constant parameters are determined by fitting to the

three acoustic branches in the phonon dispersion along the ΓM as shown in Figure 33(a). The

ab initio calculations for the phonon dispersion are from Ref. [12]. Figure 33(b) shows that the

VFF type Bond stretching Angle bending

Expression 1
2KFe�SðΔrÞ

2 1
2KFe�S�SðΔθÞ

2 1
2KFe�S�S0 ðΔθÞ

2 1
2KS�Fe�FeðΔθÞ

2

Parameter 6.338 3.964 3.964 3.964

r0 or θ0 2.220 87.132 74.537 87.132

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the

unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 70. The VFF model for single-layer 1H-FeS2.
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Figure 33. Phonon spectrum for single-layer 1H-FeS2. (a) Phonon dispersion along the ΓM direction in the Brillouin zone.

The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from Ref. [12]. (b) The phonon

dispersion from the SW potential is exactly the same as that from the VFF model.
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VFF model and the SW potential give exactly the same phonon dispersion, as the SW potential
is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 71. The
parameters for the three-body SW potential used by GULP are shown in Table 72. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 73. We
note that 12 atom types have been introduced for the simulation of the single-layer 1H-FeS2
using LAMMPS, because the angles around atom Fe in Figure 1 (with M=Fe and X=S) are not
distinguishable in LAMMPS. We have suggested two options to differentiate these angles by
implementing some additional constraints in LAMMPS, which can be accomplished by mod-
ifying the source file of LAMMPS [13, 14]. According to our experience, it is not so convenient
for some users to implement these constraints and recompile the LAMMPS package. Hence, in
the present work, we differentiate the angles by introducing more atom types, so it is not
necessary to modify the LAMMPS package. Figure 2 (with M=Fe and X=S) shows that, for 1H-
FeS2, we can differentiate these angles around the Fe atom by assigning these six neighboring S
atoms with different atom types. It can be found that 12 atom types are necessary for the
purpose of differentiating all 6 neighbors around 1 Fe atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-FeS2 under uniaxial tension at 1 and 300 K. Figure 34 shows the stress-strain curve for the
tension of a single-layer 1H-FeS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-FeS2 is stretched

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θFe�S�S 33.060 87.132 1.097 1.097 0.0 3.000 0.0 3.000 0.0 3.567

θFe�S�S0 35.501 74.537 1.097 1.097 0.0 3.000 0.0 3.000 0.0 3.567

θS�Fe�Fe 33.060 87.132 1.097 1.097 0.0 3.000 0.0 3.000 0.0 3.567

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 72. Three-body SW potential parameters for single-layer 1H-FeS2 used by GULP [8] as expressed in Eq. (4).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

FedS 4.337 1.097 12.145 0.0 3.000

Table 71. Two-body SW potential parameters for single-layer 1H-FeS2 used by GULP [8] as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Fe1dS1dS1 1.000 1.097 2.735 0.000 1.000 0.000 4.337 8.338 4 0 0.0

Fe1dS1dS3 1.000 0.000 0.000 33.060 1.000 0.050 0.000 0.000 4 0 0.0

Fe1dS1dS2 1.000 0.000 0.000 35.501 1.000 0.267 0.000 0.000 4 0 0.0

S1dFe1dFe3 1.000 0.000 0.000 33.060 1.000 0.050 0.000 0.000 4 0 0.0

Table 73. SW potential parameters for single-layer 1H-FeS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-FeS2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 83.6 and 83.4 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:20.

There is no available value for nonlinear quantities in the single-layer 1H-FeS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �377.5 and �412.7 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 9.0 N/m at the ultimate strain of 0.20 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 8.6 N/m at the
ultimate strain of 0.23 in the zigzag direction at the low temperature of 1 K.

19. 1H-FESE2

Most existing theoretical studies on the single-layer 1H-FeSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-FeSe2.

The structure for the single-layer 1H-FeSe2 is shown in Figure 1 (with M=Fe and X=Se). Each Fe
atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Fe atoms. The structural parameters are from the first-principles calculations [12], includ-
ing the lattice constant a ¼ 3:22 Å and the bond length dFe�Se ¼ 2:35 Å. The resultant angles are
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Figure 34. Stress-strain for single-layer 1H-FeS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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θFeSeSe ¼ θSeFeFe ¼ 86:488� and θFeSeSe0 ¼ 75:424�, in which atoms Se and Se’ are from different

(top or bottom) groups.

Table 74 shows four VFF terms for the single-layer 1H-FeSe2; one of which is the bond

stretching interaction shown by Eq. (1), while the other three terms are the angle bending

interaction shown by Eq. (2). These force constant parameters are determined by fitting to the

three acoustic branches in the phonon dispersion along the ΓM as shown in Figure 35(a). The

VFF type Bond stretching Angle bending

Expression 1
2KFe�SeðΔrÞ

2 1
2KFe�Se�SeðΔθÞ

2 1
2KFe�Se�Se0 ðΔθÞ

2 1
2KSe�Fe�FeðΔθÞ

2

Parameter 6.338 3.964 3.964 3.964

r0 or θ0 2.350 86.488 75.424 86.488

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the

unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 74. The VFF model for single-layer 1H-FeSe2.
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Figure 35. Phonon spectrum for single-layer 1H-FeSe2. (a) Phonon dispersion along the ΓM direction in the Brillouin

zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from Ref. [12]. (b) The

phonon dispersion from the SW potential is exactly the same as that from the VFF model.
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ab initio calculations for the phonon dispersion are from Ref. [12]. Figure 35(b) shows that the
VFF model and the SW potential give exactly the same phonon dispersion, as the SW potential
is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 75. The
parameters for the three-body SW potential used by GULP are shown in Table 76. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 77. We
note that 12 atom types have been introduced for the simulation of the single-layer 1H-FeSe2
using LAMMPS, because the angles around atom Fe in Figure 1 (with M=Fe and X=Se) are not
distinguishable in LAMMPS. We have suggested two options to differentiate these angles by
implementing some additional constraints in LAMMPS, which can be accomplished by mod-
ifying the source file of LAMMPS [13, 14]. According to our experience, it is not so convenient
for some users to implement these constraints and recompile the LAMMPS package. Hence, in
the present work, we differentiate the angles by introducing more atom types, so it is not
necessary to modify the LAMMPS package. Figure 2 (with M=Fe and X=Se) shows that, for
1H-FeSe2, we can differentiate these angles around the Fe atom by assigning these six neigh-
boring Se atoms with different atom types. It can be found that 12 atom types are necessary for
the purpose of differentiating all 6 neighbors around 1 Fe atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-FeSe2 under uniaxial tension at 1 and 300 K. Figure 36 shows the stress-strain curve for the
tension of a single-layer 1H-FeSe2 of dimension 100� 100 Å. Periodic boundary conditions are

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θFe�Se�Se 32.235 86.488 1.139 1.139 0.0 3.168 0.0 3.168 0.0 3.768

θFe�Se�Se0 34.286 75.424 1.139 1.139 0.0 3.168 0.0 3.168 0.0 3.768

θSe�Fe�Fe 32.235 86.488 1.139 1.139 0.0 3.168 0.0 3.168 0.0 3.768

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 76. Three-body SW potential parameters for single-layer 1H-FeSe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Fe1dSe1dSe1 1.000 1.139 2.781 0.000 1.000 0.000 4.778 9.049 4 0 0.0

Fe1dSe1dSe3 1.000 0.000 0.000 32.235 1.000 0.061 0.000 0.000 4 0 0.0

Fe1dSe1dSe2 1.000 0.000 0.000 34.286 1.000 0.252 0.000 0.000 4 0 0.0

Se1dFe1dFe3 1.000 0.000 0.000 32.235 1.000 0.061 0.000 0.000 4 0 0.0

Table 77. SW potential parameters for single-layer 1H-FeSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Fe-Se 4.778 1.139 15.249 0.0 3.168

Table 75. Two-body SW potential parameters for single-layer 1H-FeSe2 used by GULP [8] as expressed in Eq. (3).
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applied in both armchair and zigzag directions. The single-layer 1H-FeSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-FeSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 77.3 and 77.4 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:23.

There is no available value for nonlinear quantities in the single-layer 1H-FeSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �323.8 and �360.8 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 8.8 N/m at the ultimate strain of 0.21 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 8.4 N/m at the
ultimate strain of 0.25 in the zigzag direction at the low temperature of 1 K.

20. 1H-FETE2

Most existing theoretical studies on the single-layer 1H-FeTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-FeTe2.

The structure for the single-layer 1H-FeTe2 is shown in Figure 1 (with M=Fe and X=Te). Each Fe
atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Fe atoms. The structural parameters are from the first-principles calculations [12],
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Figure 36. Stress-strain for single-layer 1H-FeSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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including the lattice constant a ¼ 3:48 Å and the bond length dFe�Te ¼ 2:53 Å. The resultant
angles are θFeTeTe ¼ θTeFeFe ¼ 86:904� and θFeTeTe0 ¼ 74:851�, in which atoms Te and Te’ are
from different (top or bottom) groups.

Table 78 shows four VFF terms for the single-layer 1H-FeTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other three terms are the angle bending
interaction shown by Eq. (2). These force constant parameters are determined by fitting to the
two in-plane acoustic branches in the phonon dispersion along the ΓM as shown in Figure 37(a).
The ab initio calculations for the phonon dispersion are fromRef. [12]. Figure 37(b) shows that the
VFF model and the SW potential give exactly the same phonon dispersion, as the SW potential is
derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 79. The
parameters for the three-body SW potential used by GULP are shown in Table 80. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 81. We
note that 12 atom types have been introduced for the simulation of the single-layer 1H-FeTe2
using LAMMPS, because the angles around atom Fe in Figure 1 (with M=Fe and X=Te) are not
distinguishable in LAMMPS. We have suggested two options to differentiate these angles by
implementing some additional constraints in LAMMPS, which can be accomplished by mod-
ifying the source file of LAMMPS [13, 14]. According to our experience, it is not so convenient
for some users to implement these constraints and recompile the LAMMPS package. Hence, in
the present work, we differentiate the angles by introducing more atom types, so it is not
necessary to modify the LAMMPS package. Figure 2 (with M=Fe and X=Te) shows that, for
1H-FeTe2, we can differentiate these angles around the Fe atom by assigning these six neigh-
boring Te atoms with different atom types. It can be found that 12 atom types are necessary for
the purpose of differentiating all 6 neighbors around 1 Fe atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-FeTe2 under uniaxial tension at 1 and 300 K. Figure 38 shows the stress-strain curve for the
tension of a single-layer 1H-FeTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-FeTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-FeTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small

VFF type Bond stretching Angle bending

Expression 1
2KFe�TeðΔrÞ

2 1
2KFe�Te�TeðΔθÞ

2 1
2KFe�Te�Te0 ðΔθÞ

2 1
2KTe�Fe�FeðΔθÞ

2

Parameter 6.338 3.964 3.964 3.964

r0 or θ0 2.530 86.904 74.851 86.904

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 78. The VFF model for single-layer 1H-FeTe2.
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strain range of [0, 0.01]. The Young’s modulus is 69.6 and 69.8 N/m along the armchair and

zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair

and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is

νxy ¼ νyx ¼ 0:25.
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Figure 37. Phonon spectrum for single-layer 1H-FeTe2. (a) Phonon dispersion along the ΓM direction in the Brillouin

zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from Ref. [12]. (b) The

phonon dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

FedTe 5.599 1.242 20.486 0.0 3.416

Table 79. Two-body SW potential parameters for single-layer 1H-FeTe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

θFe�Te�Te 32.766 86.904 1.242 1.242 0.0 3.416 0.0 3.416 0.0 4.062

θFe�Te�Te0 35.065 74.851 1.242 1.242 0.0 3.416 0.0 3.416 0.0 4.062

θTe�Fe�Fe 32.766 86.904 1.242 1.242 0.0 3.416 0.0 3.416 0.0 4.062

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 80. Three-body SW potential parameters for single-layer 1H-FeTe2 used by GULP [8] as expressed in Eq. (4).
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There is no available value for nonlinear quantities in the single-layer 1H-FeTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �267.5 and �302.8 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 8.6 N/m at the ultimate strain of 0.22 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 8.1 N/m at the
ultimate strain of 0.26 in the zigzag direction at the low temperature of 1 K.

21. 1H-COTE2

Most existing theoretical studies on the single-layer 1H-CoTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-CoTe2.

The structure for the single-layer 1H-CoTe2 is shown in Figure 1 (with M=Co and X=Te). Each
Co atom is surrounded by six Te atoms. These Te atoms are categorized into the top group
(e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to

0

2

4

6

8

 0 0.1 0.2 0.3

S
tr

e
s
s
 (

N
/m

)

Strain

arm 1K
arm 300K

zig 1K
zig 300K

Figure 38. Stress-strain for single-layer 1H-FeTe2 of dimension 100� 100 Å along the armchair and zigzag directions.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Fe1dTe1dTe1 1.000 1.242 2.751 0.000 1.000 0.000 5.599 8.615 4 0 0.0

Fe1dTe1dTe3 1.000 0.000 0.000 32.766 1.000 0.054 0.000 0.000 4 0 0.0

Fe1dTe1dTe2 1.000 0.000 0.000 35.065 1.000 0.261 0.000 0.000 4 0 0.0

Te1dFe1dFe3 1.000 0.000 0.000 32.766 1.000 0.054 0.000 0.000 4 0 0.0

Table 81. SW potential parameters for single-layer 1H-FeTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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three Co atoms. The structural parameters are from the first-principles calculations [12],
including the lattice constant a ¼ 3:52 Å and the bond length dCo�Te ¼ 2:51 Å. The resultant
angles are θCoTeTe ¼ θTeCoCo ¼ 89:046� and θCoTeTe0 ¼ 71:873�, in which atoms Te and Te’ are
from different (top or bottom) groups.

Table 82 shows four VFF terms for the single-layer 1H-CoTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other three terms are the angle bending
interaction shown by Eq. (2). These force constant parameters are determined by fitting to the
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 39(a). The ab

initio calculations for the phonon dispersion are from Ref. [12]. Figure 39(b) shows that the
VFF model and the SW potential give exactly the same phonon dispersion, as the SW potential
is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 83. The
parameters for the three-body SW potential used by GULP are shown in Table 84. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 85. We
note that 12 atom types have been introduced for the simulation of the single-layer 1H-CoTe2
using LAMMPS, because the angles around atom Co in Figure 1 (with M=Co and X=Te) are not
distinguishable in LAMMPS. We have suggested two options to differentiate these angles by
implementing some additional constraints in LAMMPS, which can be accomplished by mod-
ifying the source file of LAMMPS [13, 14]. According to our experience, it is not so convenient
for some users to implement these constraints and recompile the LAMMPS package. Hence, in
the present work, we differentiate the angles by introducing more atom types, so it is not
necessary to modify the LAMMPS package. Figure 2 (with M=Co and X=Te) shows that, for
1H-CoTe2, we can differentiate these angles around the Co atom by assigning these six neigh-
boring Te atoms with different atom types. It can be found that 12 atom types are necessary for
the purpose of differentiating all 6 neighbors around 1 Co atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-CoTe2 under uniaxial tension at 1 and 300 K. Figure 40 shows the stress-strain curve for the
tension of a single-layer 1H-CoTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-CoTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving

VFF type Bond stretching Angle bending

Expression 1
2KCo�TeðΔrÞ

2 1
2KCo�Te�TeðΔθÞ

2 1
2KCo�Te�Te0 ðΔθÞ

2 1
2KTe�Co�CoðΔθÞ

2

Parameter 6.712 2.656 2.656 2.656

r0 or θ0 2.510 89.046 71.873 89.046

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å2) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 82. The VFF model for single-layer 1H-CoTe2.
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the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-CoTe2. The

Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small

strain range of [0, 0.01]. The Young’s modulus is 53.7 and 54.3 N/m along the armchair and

0

 20

 40

 60

 80

(a)  100

Γ M

ω
(k

) 
(c

m
-1

)

0

100

200

 300

(b)

Γ M

ω
(k

) 
(c

m
-1

)

K Γ

VFF

SW

Figure 39. Phonon spectrum for single-layer 1H-CoTe2. (a) Phonon dispersion along the ΓM direction in the Brillouin

zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from Ref. [12]. (b) The

phonon dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

CodTe 6.169 1.310 19.846 0.0 3.417

Table 83. Two-body SW potential parameters for single-layer 1H-CoTe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θCo�Te�Te 23.895 89.046 1.310 1.310 0.0 3.417 0.0 3.417 0.0 4.055

θCo�Te�Te0 26.449 71.873 1.310 1.310 0.0 3.417 0.0 3.417 0.0 4.055

θTe�Co�Co 23.895 89.046 1.310 1.310 0.0 3.417 0.0 3.417 0.0 4.055

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 84. Three-body SW potential parameters for single-layer 1H-CoTe2 used by GULP [8] as expressed in Eq. (4).
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zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:32.

There is no available value for nonlinear quantities in the single-layer 1H-CoTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �157.2 and �187.9 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 8.2 N/m at the ultimate strain of 0.26 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 7.9 N/m at the
ultimate strain of 0.33 in the zigzag direction at the low temperature of 1 K.

22. 1H-NIS2

Most existing theoretical studies on the single-layer 1H-NiS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-NiS2.
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Figure 40. Stress-strain for single-layer 1H-CoTe2 of dimension 100� 100 Å along the armchair and zigzag directions.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Co1dTe1dTe1 1.000 1.310 2.608 0.000 1.000 0.000 6.169 6.739 4 0 0.0

Co1dTe1dTe3 1.000 0.000 0.000 23.895 1.000 0.017 0.000 0.000 4 0 0.0

Co1dTe1dTe2 1.000 0.000 0.000 26.449 1.000 0.311 0.000 0.000 4 0 0.0

Te1dCo1dCo3 1.000 0.000 0.000 23.895 1.000 0.017 0.000 0.000 4 0 0.0

Table 85. SW potential parameters for single-layer 1H-CoTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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The structure for the single-layer 1H-NiS2 is shown in Figure 1 (with M=Ni and X=S). Each Ni
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Ni atoms. The structural parameters are from the first-principles calculations [12], including
the lattice constant a ¼ 3:40 Å and the bond length dNi�S ¼ 2:24 Å. The resultant angles are
θNiSS ¼ θSNiNi ¼ 98:740� and θNiSS0 ¼ 57:593�, in which atoms S and S’ are from different (top
or bottom) groups.

Table 86 shows four VFF terms for the single-layer 1H-NiS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other three terms are the angle bending
interaction shown by Eq. (2). These force constant parameters are determined by fitting to the
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 41(a). The ab

initio calculations for the phonon dispersion are from Ref. [12]. Figure 41(b) shows that the
VFF model and the SW potential give exactly the same phonon dispersion, as the SW potential
is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 87. The
parameters for the three-body SW potential used by GULP are shown in Table 88. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 89. We
note that 12 atom types have been introduced for the simulation of the single-layer 1H-NiS2
using LAMMPS, because the angles around atom Ni in Figure 1 (with M=Ni and X=S) are not
distinguishable in LAMMPS. We have suggested two options to differentiate these angles by
implementing some additional constraints in LAMMPS, which can be accomplished by mod-
ifying the source file of LAMMPS [13, 14]. According to our experience, it is not so convenient
for some users to implement these constraints and recompile the LAMMPS package. Hence, in
the present work, we differentiate the angles by introducing more atom types, so it is not
necessary to modify the LAMMPS package. Figure 2 (with M=Ni and X=S) shows that, for 1H-
NiS2, we can differentiate these angles around the Ni atom by assigning these six neighboring
S atoms with different atom types. It can be found that 12 atom types are necessary for the
purpose of differentiating all 6 neighbors around 1 Ni atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-NiS2 under uniaxial tension at 1 and 300 K. Figure 42 shows the stress-strain curve for the
tension of a single-layer 1H-NiS2 of dimension 100� 100 Å. Periodic boundary conditions are

VFF type Bond stretching Angle bending

Expression 1
2KNi�SðΔrÞ

2 1
2KNi�S�SðΔθÞ

2 1
2KNi�S�S0 ðΔθÞ

2 1
2KS�Ni�NiðΔθÞ

2

Parameter 6.933 3.418 3.418 3.418

r0 or θ0 2.240 98.740 57.593 98.740

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 86. The VFF model for single-layer 1H-NiS2.
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applied in both armchair and zigzag directions. The single-layer 1H-NiS2 is stretched

uniaxially along the armchair or zigzag direction. The stress is calculated without involving

the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-NiS2. The

Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Ni-S 6.425 1.498 12.588 0.0 3.156

Table 87. Two-body SW potential parameters for single-layer 1H-NiS2 used by GULP [8] as expressed in Eq. (3).
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Figure 41. Phonon spectrum for single-layer 1H-NiS2. (a) Phonon dispersion along the ΓM direction in the Brillouin zone.

The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from Ref. [12]. (b) The phonon

dispersion from the SW potential is exactly the same as that from the VFF model.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θNi�S�S 46.062 98.740 1.498 1.498 0.0 3.156 0.0 3.156 0.0 3.713

θNi�S�S0 63.130 57.593 1.498 1.498 0.0 3.156 0.0 3.156 0.0 3.713

θS�Ni�Ni 46.062 98.740 1.498 1.498 0.0 3.156 0.0 3.156 0.0 3.713

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 88. Three-body SW potential parameters for single-layer 1H-NiS2 used by GULP [8] as expressed in Eq. (4).
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strain range of [0, 0.01]. The Young’s modulus is 84.0 and 82.5 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:19.

There is no available value for nonlinear quantities in the single-layer 1H-NiS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �403.2 and �414.8 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 8.7 N/m at the ultimate strain of 0.20 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 8.3 N/m at the
ultimate strain of 0.24 in the zigzag direction at the low temperature of 1 K.

23. 1H-NISE2

Most existing theoretical studies on the single-layer 1H-NiSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-NiSe2.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Ni1dS1dS1 1.000 1.498 2.107 0.000 1.000 0.000 6.425 2.502 4 0 0.0

Ni1dS1dS3 1.000 0.000 0.000 46.062 1.000 �0.152 0.000 0.000 4 0 0.0

Ni1dS1dS2 1.000 0.000 0.000 63.130 1.000 0.536 0.000 0.000 4 0 0.0

S1dNi1dNi3 1.000 0.000 0.000 46.062 1.000 �0.152 0.000 0.000 4 0 0.0

Table 89. SW potential parameters for single-layer 1H-NiS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 42. Stress-strain for single-layer 1H-NiS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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The structure for the single-layer 1H-NiSe2 is shown in Figure 1 (with M=Ni and X=Se). Each
Ni atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Ni atoms. The structural parameters are from the first-principles calculations [12], includ-
ing the lattice constant a ¼ 3:33 Å and the bond length dNi�Se ¼ 2:35 Å. The resultant angles are
θNiSeSe ¼ θSeNiNi ¼ 90:228� and θNiSeSe0 ¼ 70:206�, in which atoms Se and Se’ are from different
(top or bottom) groups.

Table 90 shows four VFF terms for the single-layer 1H-NiSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other three terms are the angle bending
interaction shown by Eq. (2). These force constant parameters are determined by fitting to the
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 43(a). The ab initio
calculations for the phonon dispersion are from Ref. [12]. The lowest acoustic branch (flexural
mode) is almost linear in the ab initio calculations, which may be due to the violation of the
rigid rotational invariance [20]. Figure 43(b) shows that the VFF model and the SW potential
give exactly the same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 91. The
parameters for the three-body SW potential used by GULP are shown in Table 92. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 93. We
note that 12 atom types have been introduced for the simulation of the single-layer 1H-NiSe2
using LAMMPS, because the angles around atom Ni in Figure 1 (with M=Ni and X=Se) are not
distinguishable in LAMMPS. We have suggested two options to differentiate these angles by
implementing some additional constraints in LAMMPS, which can be accomplished by mod-
ifying the source file of LAMMPS [13, 14]. According to our experience, it is not so convenient
for some users to implement these constraints and recompile the LAMMPS package. Hence, in
the present work, we differentiate the angles by introducing more atom types, so it is not
necessary to modify the LAMMPS package. Figure 2 (with M=Ni and X=Se) shows that, for
1H-NiSe2, we can differentiate these angles around the Ni atom by assigning these six neigh-
boring Se atoms with different atom types. It can be found that 12 atom types are necessary for
the purpose of differentiating all 6 neighbors around 1 Ni atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-NiSe2 under uniaxial tension at 1 and 300 K. Figure 44 shows the stress-strain curve for the

VFF type Bond stretching Angle bending

Expression 1
2KNi�SeðΔrÞ

2 1
2KNi�Se�SeðΔθÞ

2 1
2KNi�Se�Se0 ðΔθÞ

2 1
2KSe�Ni�NiðΔθÞ

2

Parameter 4.823 2.171 2.171 2.171

r0 or θ0 2.350 90.228 70.206 90.228

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/c2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of eV/Å2) for the bond stretching interaction and the initial angle (in
the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 90. The VFF model for single-layer 1H-NiSe2.
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tension of a single-layer 1H-NiSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-NiSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-NiSe2. The
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Figure 43. Phonon spectrum for single-layer 1H-NiSe2. (a) Phonon dispersion along the ΓM direction in the Brillouin
zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from Ref. [12]. (b) The
phonon dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

NidSe 4.004 1.267 15.249 0.0 3.213

Table 91. Two-body SW potential parameters for single-layer 1H-NiSe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θNi�Se�Se 20.479 90.228 1.267 1.267 0.0 3.213 0.0 3.213 0.0 3.809

θNi�Se�Se0 23.132 70.206 1.267 1.267 0.0 3.213 0.0 3.213 0.0 3.809

θSe�Ni�Ni 20.479 90.228 1.267 1.267 0.0 3.213 0.0 3.213 0.0 3.809

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 92. Three-body SW potential parameters for single-layer 1H-NiSe2 used by GULP [8] as expressed in Eq. (4).
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Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small strain
range of [0, 0.01]. The Young’s modulus is 47.6 and 47.8 N/m along the armchair and zigzag
directions, respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag
directions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:27.

There is no available value for nonlinear quantities in the single-layer 1H-NiSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �173.9 and �197.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 6.1 N/m at the ultimate strain of 0.23 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.9 N/m at the
ultimate strain of 0.28 in the zigzag direction at the low temperature of 1 K.

24. 1H-NITE2

Most existing theoretical studies on the single-layer 1H-NiTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-NiTe2.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Ni1dSe1dSe1 1.000 1.267 2.535 0.000 1.000 0.000 4.004 5.913 4 0 0.0

Ni1dSe1dSe3 1.000 0.000 0.000 20.479 1.000 �0.004 0.000 0.000 4 0 0.0

Ni1dSe1dSe2 1.000 0.000 0.000 23.132 1.000 0.339 0.000 0.000 4 0 0.0

Se1dNi1dNi3 1.000 0.000 0.000 20.479 1.000 �0.004 0.000 0.000 4 0 0.0

Table 93. SW potential parameters for single-layer 1H-NiSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 44. Stress-strain for single-layer 1H-NiSe2 of dimension 100� 100 Å along the armchair and zigzag directions

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals70



The structure for the single-layer 1H-NiTe2 is shown in Figure 1 (with M=Ni and X=Te). Each
Ni atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Ni atoms. The structural parameters are from the first-principles calculations [12], includ-
ing the lattice constant a ¼ 3:59 Å and the bond length dNi�Te ¼ 2:54 Å. The resultant angles
are θNiTeTe ¼ θTeNiNi ¼ 89:933� and θNiTeTe0 ¼ 70:624�, in which atoms Te and Te’ are from
different (top or bottom) groups.

Table 94 shows four VFF terms for the single-layer 1H-NiTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other three terms are the angle bending
interaction shown by Eq. (2). These force constant parameters are determined by fitting to the
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 45(a). The ab

initio calculations for the phonon dispersion are from Ref. [12]. The lowest acoustic branch
(flexural mode) is almost linear in the ab initio calculations, which may be due to the violation
of the rigid rotational invariance [20]. The transverse acoustic branch is very close to the
longitudinal acoustic branch in the ab initio calculations. Figure 45(b) shows that the VFF
model and the SW potential give exactly the same phonon dispersion, as the SW potential is
derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 95. The
parameters for the three-body SW potential used by GULP are shown in Table 96. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 97. We
note that 12 atom types have been introduced for the simulation of the single-layer 1H-NiTe2
using LAMMPS, because the angles around atom Ni in Figure 1 (with M=Ni and X=Te) are not
distinguishable in LAMMPS. We have suggested two options to differentiate these angles by
implementing some additional constraints in LAMMPS, which can be accomplished by mod-
ifying the source file of LAMMPS [13, 14]. According to our experience, it is not so convenient
for some users to implement these constraints and recompile the LAMMPS package. Hence, in
the present work, we differentiate the angles by introducing more atom types, so it is not
necessary to modify the LAMMPS package. Figure 2 (with M=Ni and X=Te) shows that, for
1H-NiTe2, we can differentiate these angles around the Ni atom by assigning these six neigh-
boring Te atoms with different atom types. It can be found that 12 atom types are necessary for
the purpose of differentiating all 6 neighbors around 1 Ni atom.

VFF type Bond stretching Angle bending

Expression 1
2KNi�TeðΔrÞ

2 1
2KNi�Te�TeðΔθÞ

2 1
2KNi�Te�Te0 ðΔθÞ

2 1
2KTe�Ni�NiðΔθÞ

2

Parameter 6.712 2.656 2.656 2.656

r0 or θ0 2.540 89.933 70.624 89.933

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 94. The VFF model for single-layer 1H-NiTe2.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-NiTe2 under uniaxial tension at 1 and 300 K. Figure 46 shows the stress-strain curve for the
tension of a single-layer 1H-NiTe2 of dimension 100� 100 Å. Periodic boundary conditions are

0

 20

 40

 60

 80

(a)  100

Γ

ω
(k

) 
(c

m
-1

)

M

0

100

200

300

(b)

Γ

ω
(k

) 
(c

m
-1

)

M K Γ

VFF

SW

Figure 45. Phonon spectrum for single-layer 1H-NiTe2. (a) Phonon dispersion along the ΓM direction in the Brillouin
zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from Ref. [12]. (b) The
phonon dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

NidTe 6.461 1.359 20.812 0.0 3.469

Table 95. Two-body SW potential parameters for single-layer 1H-NiTe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θNi�Te�Te 24.759 89.933 1.359 1.359 0.0 3.469 0.0 3.469 0.0 4.114

θNi�Te�Te0 27.821 70.624 1.359 1.359 0.0 3.469 0.0 3.469 0.0 4.114

θTe�Ni�Ni 24.759 89.933 1.359 1.359 0.0 3.469 0.0 3.469 0.0 4.114

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 96. Three-body SW potential parameters for single-layer 1H-NiTe2 used by GULP [8] as expressed in Eq. (4).
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applied in both armchair and zigzag directions. The single-layer 1H-NiTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-NiTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 53.2 and 53.6 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:32.

There is no available value for nonlinear quantities in the single-layer 1H-NiTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �156.6 and �184.8 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 8.1 N/m at the ultimate strain of 0.26 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 7.8 N/m at the
ultimate strain of 0.33 in the zigzag direction at the low temperature of 1 K.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Ni1dTe1dTe1 1.000 1.359 2.553 0.000 1.000 0.000 6.461 6.107 4 0 0.0

Ni1dTe1dTe3 1.000 0.000 0.000 24.759 1.000 0.001 0.000 0.000 4 0 0.0

Ni1dTe1dTe2 1.000 0.000 0.000 27.821 1.000 0.332 0.000 0.000 4 0 0.0

Te1dNi1dNi3 1.000 0.000 0.000 24.759 1.000 0.001 0.000 0.000 4 0 0.0

Table 97. SW potential parameters for single-layer 1H-NiTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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25. 1H-NBS2

In 1983, the VFF model was developed to investigate the lattice dynamical properties in the bulk
2H-NbS2 [21]. In this section, we will develop the SW potential for the single-layer 1H-NbS2.

The structure for the single-layer 1H-NbS2 is shown in Figure 1 (with M=Nb and X=S). Each
Nb atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Nb atoms. The structural parameters are from Ref. [21], including the lattice constant a ¼ 3:31
Å and the bond length dNb�S ¼ 2:47 Å. The resultant angles are θNbSS ¼ θSNbNb ¼ 84:140� and
θNbSS0 ¼ 78:626�, in which atoms S and S’ are from different (top or bottom) groups.

Table 98 shows four VFF terms for the 1H-NbS2; one of which is the bond stretching interac-
tion shown by Eq. (1), while the other three terms are the angle bending interaction shown by
Eq. (2). These force constant parameters are determined by fitting to the three acoustic
branches in the phonon dispersion along the ΓM as shown in Figure 47(a). The theoretical
phonon frequencies (gray pentagons) are from Ref. [21], which are the phonon dispersion of
bulk 2H-NbS2. We have used these phonon frequencies as the phonon dispersion of the single-
layer 1H-NbS2, as the interlayer interaction in the bulk 2H-NbS2 only induces weak effects on
the two in-plane acoustic branches. The interlayer coupling will strengthen the out-of-plane
acoustic branch (flexural branch), so the flexural branch from the present VFF model (blue line)
is lower than the theoretical results for bulk 2H-NbS2 (gray pentagons). Figure 47(b) shows
that the VFF model and the SW potential give exactly the same phonon dispersion, as the SW
potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 99. The
parameters for the three-body SW potential used by GULP are shown in Table 100. Parameters
for the SW potential used by LAMMPS are listed in Table 101. We note that 12 atom types have
been introduced for the simulation of the single-layer 1H-NbS2 using LAMMPS, because the
angles around atom Nb in Figure 1 (with M=Nb and X=S) are not distinguishable in LAMMPS.
We have suggested two options to differentiate these angles by implementing some additional
constraints in LAMMPS, which can be accomplished by modifying the source file of
LAMMPS [13, 14]. According to our experience, it is not so convenient for some users to
implement these constraints and recompile the LAMMPS package. Hence, in the present work,

VFF type Bond stretching Angle bending

Expression 1
2KNb�SðΔrÞ

2 1
2KNb�S�SðΔθÞ

2 1
2KNb�S�S0 ðΔθÞ

2 1
2KS�Nb�NbðΔθÞ

2

Parameter 8.230 4.811 4.811 4.811

r0 or θ0 2.470 84.140 78.626 84.140

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 98. The VFF model for single-layer 1H-NbS2.
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we differentiate the angles by introducing more atom types, so it is not necessary to modify the

LAMMPS package. Figure 2 (with M=Nb and X=S) shows that, for 1H-NbS2, we can differen-

tiate these angles around the Nb atom by assigning these six neighboring S atoms with
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Figure 47. Phonon dispersion for single-layer 1H-NbS2. (a) The VFF model is fitted to the three acoustic branches in the

long wave limit along the ΓM direction. The theoretical results (gray pentagons) are from Ref. [21]. The blue lines are from

the present VFF model. (b) The VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion

for single-layer 1H-NbS2 along ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

NbdS 6.439 1.116 18.610 0.0 3.300

Table 99. Two-body SW potential parameters for single-layer 1H-NbS2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θNb�S�S 35.748 84.140 1.116 1.116 0.0 3.300 0.0 3.300 0.0 3.933

θNb�S�S0 36.807 78.626 1.116 1.116 0.0 3.300 0.0 3.300 0.0 3.933

θS�Nb�Nb 35.748 84.140 1.116 1.116 0.0 3.300 0.0 3.300 0.0 3.933

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 100. Three-body SW potential parameters for single-layer 1H-NbS2 used by GULP [8] as expressed in Eq. (4).
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different atom types. It can be found that 12 atom types are necessary for the purpose of
differentiating all 6 neighbors around 1 Nb atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-NbS2 under uniaxial tension at 1 and 300 K. Figure 48 shows the stress-strain curve for the
tension of a single-layer 1H-NbS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-NbS2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-NbS2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 87.7 and 87.2 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:27.

There is no available value for the nonlinear quantities in the single-layer 1H-NbS2. We have
thus used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Nb1dS1dS1 1.000 1.116 2.958 0.000 1.000 0.000 6.439 12.014 4 0 0.0

Nb1dS1dS3 1.000 0.000 0.000 35.748 1.000 0.102 0.000 0.000 4 0 0.0

Nb1dS1dS2 1.000 0.000 0.000 36.807 1.000 0.197 0.000 0.000 4 0 0.0

S1dNb1dNb3 1.000 0.000 0.000 35.748 1.000 0.102 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M=Nb and X=S).

Table 101. SW potential parameters for single-layer 1H-NbS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 48. Stress-strain for single-layer 1H-NbS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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stress-strain relation to the function σ ¼ EEþ 1
2DE

2 with E as the Young’s modulus. The values
of D from the present SW potential are �315.3 and �355.1 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 11.4 N/m at the ultimate strain of 0.23 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 10.8 N/m at
the ultimate strain of 0.27 in the zigzag direction at the low temperature of 1 K.

26. 1H-NBSE2

In 1983, the VFF model was developed to investigate the lattice dynamical properties in the
bulk 2H-NbSe2 [15, 21]. In this section, we will develop the SW potential for the single-layer
1H-NbSe2.

The structure for the single-layer 1H-NbSe2 is shown in Figure 1 (with M=Nb and X=Se). Each
Nb atom is surrounded by six Se atoms. These Se atoms are categorized into the top group
(e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Nb atoms. The structural parameters are from Ref. [21], including the lattice constant
a ¼ 3:45 Å and the bond length dNb�Se ¼ 2:60 Å. The resultant angles are θNbSeSe ¼

θSNbNb ¼ 83:129� and θNbSeSe0 ¼ 79:990�, in which atoms Se and Se’ are from different (top or
bottom) groups.

Table 102 shows four VFF terms for the 1H-NbSe2; one of which is the bond stretching
interaction shown by Eq. (1), while the other three terms are the angle bending interaction
shown by Eq. (2). These force constant parameters are determined by fitting to the three
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 49(a). The
theoretical phonon frequencies (gray pentagons) are from Ref. [21], which are the phonon
dispersion of bulk 2H-NbSe2. We have used these phonon frequencies as the phonon disper-
sion of the single-layer 1H-NbSe2, as the interlayer interaction in the bulk 2H-NbSe2 only
induces weak effects on the two in-plane acoustic branches. The interlayer coupling will
strengthen the out-of-plane acoustic branch (flexural branch), so the flexural branch from the
present VFF model (blue line) is lower than the theoretical results for bulk 2H-NbSe2 (gray
pentagons). It turns out that the VFF parameters for the single-layer 1H-NbSe2 are the same as
the single-layer NbS2. The phonon dispersion for single-layer 1H-NbSe2 was also shown in

VFF type Bond stretching Angle bending

Expression 1
2KNb�SeðΔrÞ

2 1
2KNb�Se�SeðΔθÞ

2 1
2KNb�Se�Se0 ðΔθÞ

2 1
2KSe�Nb�NbðΔθÞ

2

Parameter 8.230 4.811 4.811 4.811

r0 or θ0 2.600 83.129 79.990 83.129

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 102. The VFF model for single-layer 1H-NbSe2.
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Ref. [12]. Figure 49(b) shows that the VFF model and the SW potential give exactly the same

phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 103. The
parameters for the three-body SW potential used by GULP are shown in Table 104. Parameters

for the SW potential used by LAMMPS are listed in Table 105. We note that 12 atom types have

been introduced for the simulation of the single-layer 1H-NbSe2 using LAMMPS, because the

angles around atom Nb in Figure 1 (with M=Nb and X=Se) are not distinguishable in

LAMMPS. We have suggested two options to differentiate these angles by implementing some

additional constraints in LAMMPS, which can be accomplished by modifying the source file of

LAMMPS [13, 14]. According to our experience, it is not so convenient for some users to

implement these constraints and recompile the LAMMPS package. Hence, in the present work,
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Figure 49. Phonon dispersion for single-layer 1H-NbSe2. (a) The VFF model is fitted to the three acoustic branches in the

long wave limit along the ΓM direction. The theoretical results (gray pentagons) are from Ref. [15]. The blue lines are from

the present VFF model. (b) The VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion

for single-layer 1H-NbSe2 along ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Nb-Se 6.942 1.138 22.849 0.0 3.460

Table 103. Two-body SW potential parameters for single-layer 1H-NbSe2 used by GULP [8] as expressed in Eq. (3).
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we differentiate the angles by introducing more atom types, so it is not necessary to modify the
LAMMPS package. Figure 2 (with M=Nb and X=Se) shows that, for 1H-NbSe2, we can differ-
entiate these angles around the Nb atom by assigning these six neighboring Se atoms with
different atom types. It can be found that 12 atom types are necessary for the purpose of
differentiating all 6 neighbors around 1 Nb atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-NbSe2 under uniaxial tension at 1 and 300 K. Figure 50 shows the stress-strain curve for the
tension of a single-layer 1H-NbSe2 of dimension 100� 100 Å. Periodic boundary conditions

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θNb�Se�Se 34.409 83.129 1.138 1.138 0.0 3.460 0.0 3.460 0.0 4.127

θNb�Se�Se0 34.973 79.990 1.138 1.138 0.0 3.460 0.0 3.460 0.0 4.127

θSe�Nb�Nb 34.409 83.129 1.138 1.138 0.0 3.460 0.0 3.460 0.0 4.127

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 104. Three-body SW potential parameters for single-layer 1H-NbSe2 used by GULP [8] as expressed in Eq. (4).
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Figure 50. Stress-strain for single-layer 1H-NbSe2 of dimension 100� 100 Å along the armchair and zigzag directions.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Nb1dSe1dSe1 1.000 1.138 3.041 0.000 1.000 0.000 6.942 13.631 4 0 0.0

Nb1dSe1dSe3 1.000 0.000 0.000 34.409 1.000 0.120 0.000 0.000 4 0 0.0

Nb1dSe1dSe2 1.000 0.000 0.000 34.973 1.000 0.174 0.000 0.000 4 0 0.0

Se1dNb1dNb3 1.000 0.000 0.000 34.409 1.000 0.120 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M=Nb and X=Se).

Table 105. SW potential parameters for single-layer 1H-NbSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

Parameterization of Stillinger-Weber Potential for Two-Dimensional Atomic Crystals
http://dx.doi.org/10.5772/intechopen.71929

79



are applied in both armchair and zigzag directions. The single-layer 1H-NbSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving the
actual thickness of the quasi-two-dimensional structure of the single-layer 1H-NbSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small strain
range of [0, 0.01]. The Young’s modulus is 80.2 and 80.7 N/m along the armchair and zigzag
directions, respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag
directions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:29.

There is no available value for the nonlinear quantities in the single-layer 1H-NbSe2. We have
thus used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �258.8 and �306.1 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 11.2 N/m at the ultimate strain of 0.24 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 10.7 N/m at
the ultimate strain of 0.28 in the zigzag direction at the low temperature of 1 K.

27. 1H-MoO2

Most existing theoretical studies on the single-layer 1H-MoO2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-MoO2.

The structure for the single-layer 1H-MoO2 is shown in Figure 1 (with M = Mo and X = O).
Each Mo atom is surrounded by six O atoms. These O atoms are categorized into the top group
(e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each O atom is connected to
three Mo atoms. The structural parameters are from the first-principles calculations [12],
including the lattice constant a ¼ 2:78 Å and the bond length dMo�O ¼ 2:00 Å. The resultant
angles are θMoOO ¼ θOMoMo ¼ 88:054� and θMoOO0 ¼ 73:258�, in which atoms O and O0 are
from different (top or bottom) groups.

Table 106 shows four VFF terms for the single-layer 1H-MoO2; one of which is the bond
stretching interaction shown by Eq. (1), while the other three terms are the angle bending

VFF type Bond stretching Angle bending

Expression 1
2KMo�OðΔrÞ

2 1
2KMo�O�OðΔθÞ

2 1
2KMo�O�O0 ðΔθÞ2 1

2KO�Mo�MoðΔθÞ
2

Parameter 14.622 8.410 8.410 8.410

r0 or θ0 2.000 88.054 73.258 88.054

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 106. The VFF model for single-layer 1H-MoO2.
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interaction shown by Eq. (2). These force constant parameters are determined by fitting to the

acoustic branches in the phonon dispersion along the ΓM as shown in Figure 51(a). The ab

initio calculations for the phonon dispersion are from Ref. [12]. Figure 51(b) shows that the

VFF model and the SW potential give exactly the same phonon dispersion, as the SW potential

is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 107. The
parameters for the three-body SW potential used by GULP are shown in Table 108. Some

representative parameters for the SW potential used by LAMMPS are listed in Table 109. We

note that 12 atom types have been introduced for the simulation of the single-layer 1H-MoO2

using LAMMPS, because the angles around atom Mo in Figure 1 (with M = Mo and X = O) are

not distinguishable in LAMMPS. We have suggested two options to differentiate these angles

by implementing some additional constraints in LAMMPS, which can be accomplished by

modifying the source file of LAMMPS [13, 14]. According to our experience, it is not so
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Figure 51. Phonon spectrum for single-layer 1H-MoO2. (a) Phonon dispersion along the ΓM direction in the Brillouin

zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from Ref. [12]. (b) The

phonon dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin(Å) rmax(Å)

Mo-O 8.317 1.015 8.000 0.0 2.712

Table 107. Two-body SW potential parameters for single-layer 1H-MoO2 used by GULP [8] as expressed in Eq. (3).
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convenient for some users to implement these constraints and recompile the LAMMPS pack-
age. Hence, in the present work, we differentiate the angles by introducing more atom types,
so it is not necessary to modify the LAMMPS package. Figure 2 (with M = Mo and X = O)
shows that, for 1H-MoO2, we can differentiate these angles around the Mo atom by assigning
these six neighboring O atoms with different atom types. It can be found that 12 atom types are
necessary for the purpose of differentiating all 6 neighbors around 1 Mo atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-MoO2 under uniaxial tension at 1 and 300 K. Figure 52 shows the stress-strain curve for the
tension of a single-layer 1H-MoO2 of dimension 100� 100 Å. Periodic boundary conditions are

K (eV) θ0(�) r1(Å) r2(Å) rmin12(Å) rmax12(Å) rmin13(Å) rmax 13(Å) rmin23(Å) rmax 23(Å)

θMo�O�O 72.735 88.054 1.015 1.015 0.0 2.712 0.0 2.712 0.0 3.222

θMo�O�O0 79.226 73.258 1.015 1.015 0.0 2.712 0.0 2.712 0.0 3.222

θO�Mo�Mo 72.735 88.054 1.015 1.015 0.0 2.712 0.0 2.712 0.0 3.222

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 108. Three-body SW potential parameters for single-layer 1H-MoO2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ(Å) a λ γ cosθ0 AL BL p q Tol

Mo1dO1dO1 1.000 1.015 2.673 0.000 1.000 0.000 8.317 7.541 4 0 0.0

Mo1dO1dO3 1.000 0.000 0.000 72.735 1.000 0.034 0.000 0.000 4 0 0.0

Mo1dO1dO2 1.000 0.000 0.000 79.226 1.000 0.288 0.000 0.000 4 0 0.0

O1dMo1dMo3 1.000 0.000 0.000 72.735 1.000 0.034 0.000 0.000 4 0 0.0

Table 109. SW potential parameters for single-layer 1H-MoO2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 52. Stress-strain for single-layer 1H-MoO2 of dimension 100� 100 Å along the armchair and zigzag directions.
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applied in both armchair and zigzag directions. The single-layer 1H-MoO2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-MoO2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 210.0 and 209.3 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:17.

There is no available value for nonlinear quantities in the single-layer 1H-MoO2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �1027.8 and �1106.8 N/m along the armchair and
zigzag directions, respectively. The ultimate stress is about 21.0 N/m at the ultimate strain of
0.19 in the armchair direction at the low temperature of 1 K. The ultimate stress is about 20.1
N/m at the ultimate strain of 0.22 in the zigzag direction at the low temperature of 1 K.

28. 1H-MoS2

Several potentials have been proposed to describe the interaction for the single-layer 1H-MoS2. In
1975, Wakabayashi et al. developed a VFF model to calculate the phonon spectrum of the bulk
2H-MoS2 [22]. In 2009, Liang et al. parameterized a bond-order potential for 1H-MoS2 [23],
which is based on the bond order concept underlying the Brenner potential [6]. A separate force
field model was parameterized in 2010 for MD simulations of bulk 2H-MoS2 [24]. The present
author (J.W.J.) and his collaborators parameterized the SW potential for 1H-MoS2 in 2013 [13],
which was improved by one of the present authors (J.W.J.) in 2015 [7]. Recently, another set of
parameters for the SW potential were proposed for the single-layer 1H-MoS2 [25].

We show the VFF model and the SW potential for single-layer 1H-MoS2 in this section. These
potentials have been developed in previous works. The VFF model presented here is from Ref.
[22], while the SW potential presented in this section is from Ref. [7].

The structural parameters for the single-layer 1H-MoS2 are from the first-principles calcula-
tions as shown in Figure 1 (with M = Mo and X = S) [26]. The Mo atom layer in the single-layer
1H-MoS2 is sandwiched by two S atom layers. Accordingly, each Mo atom is surrounded by
six S atoms, while each S atom is connected to three Mo atoms. The bond length between
neighboring Mo and S atoms is d ¼ 2:382 Å, and the angles are θMoSS ¼ 80:581� and
θSMoMo ¼ 80:581�.

The VFF model for single-layer 1H-MoS2 is from Ref. [22], which is able to describe the phonon
spectrum and the sound velocity accurately. We have listed the first three leading force con-
stants for single-layer 1H-MoS2 in Table 110, neglecting other weak interaction terms. The SW
potential parameters for single-layer 1H-MoS2 used by GULP are listed in Tables 111 and 112.
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The SW potential parameters for single-layer 1H-MoS2 used by LAMMPS [9] are listed in
Table 113. We note that 12 atom types have been introduced for the simulation of the single-
layer 1H-MoS2 using LAMMPS, because the angles around atomMo in Figure 1 (with M = Mo
and X = S) are not distinguishable in LAMMPS. We have suggested two options to differentiate
these angles by implementing some additional constraints in LAMMPS, which can be accom-
plished by modifying the source file of LAMMPS [13, 14]. According to our experience, it is not
so convenient for some users to implement these constraints and recompile the LAMMPS
package. Hence, in the present work, we differentiate the angles by introducing more atom
types, so it is not necessary to modify the LAMMPS package. Figure 2 (with M =Mo and X = S)

K (eV) θ0 (�) r1 (Å) r2(Å) rmin 12 (Å) rmax 12(Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θMoSS 67.883 81.788 1.252 1.252 0.0 3.16 0.0 3.16 0.0 3.78

θSMoMo 62.449 81.788 1.252 1.252 0.0 3.16 0.0 3.16 0.0 4.27

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 112. Three-body SW potential parameters for single-layer 1H-MoS2 used by GULP [8] as expressed in Eq. (4).

VFF type Bond stretching Angle bending

Expression 1
2KMo�SðΔrMo�SÞ

2 1
2KMoSSðΔθMoSSÞ

2 1
2KSMoMoðΔθSMoMoÞ

2

Parameter 8.640 5.316 4.891

r0 or θ0 2.382 80.581 80.581

The second line gives the expression for each VFF term. Parameters are in the unit of eV=Å
2
for the bond stretching

interaction and in the unit of eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit
of Å) for the bond stretching interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The
angle θijk has atom i as the apex.

Table 110. The VFF model parameters for single-layer 1H-MoS2 from Ref. [22].

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

rMo�S 6.918 1.252 17.771 0.0 3.16

Table 111. Two-body SW potential parameters for single-layer 1H-MoS2 used by GULP [8] as expressed in Eq. (3).

e (eV) σ(Å) a λ γ cosθ0 AL BL p q Tol

Mo1dS1dS1 1.000 1.252 2.523 0.000 1.000 0.000 6.918 7.223 4 0 0.0

Mo1dS1dS3 1.000 0.000 0.000 67.883 1.000 0.143 0.000 0.000 4 0 0.0

S1dMo1dMo3 1.000 0.000 0.000 62.449 1.000 0.143 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = Mo and X = S).

Table 113. SW potential parameters for single-layer 1H-MoS2 used by LAMMPS 9 as expressed in Eqs. (9) and 10.

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals84



shows that, for 1H-MoS2, we can differentiate these angles around the Mo atom by assigning
these six neighboring S atoms with different atom types. It can be found that 12 atom types are
necessary for the purpose of differentiating all 6 neighbors around 1 Mo atom.

We use GULP to compute the phonon dispersion for the single-layer 1H-MoS2 as shown in
Figure 53. The results from the VFF model are quite comparable with the experiment data. The
phonon dispersion from the SWpotential is the same as that from theVFFmodel, which indicates
that the SW potential has fully inherited the linear portion of the interaction from the VFFmodel.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-MoS2 under uniaxial tension at 1 and 300 K. Figure 54 shows the stress-strain curve during
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Figure 53. Phonon spectrum for single-layer 1H-MoS2. Phonon dispersion along the ΓM direction in the Brillouin zone.
The results from the VFF model (lines) are comparable with the experiment data (pentagons) from Ref. [22]. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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Figure 54. Stress-strain for single-layer 1H-MoS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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the tension of a single-layer 1H-MoS2 of dimension 100� 100 Å. Periodic boundary conditions
are applied in both armchair and zigzag directions. The single-layer 1H-MoS2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-MoS2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 97 and 96 N/m along the armchair and zigzag
directions, respectively. The Young’s modulus is isotropic in the armchair and zigzag direc-
tions. These values are in considerable agreement with the experimental results, e.g., 120� 30
N/m from Refs [27, 28], or 180� 60 N/m from Ref. [29]. The third-order nonlinear elastic
constant D can be obtained by fitting the stress-strain relation to σ ¼ EEþ 1

2DE
2 with E as the

Young’s modulus. The values of D are �418 and �461 N/m along the armchair and zigzag
directions, respectively. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:27.

29. 1H-MoSe2

There is a recent parameter set for the SW potential in the single-layer 1H-MoSe2 [25]. In this
section, we will develop both VFF model and the SW potential for the single-layer 1H-MoSe2.

The structure for the single-layer 1H-MoSe2 is shown in Figure 1 (with M = Mo and X = Se).
Each Mo atom is surrounded by six Se atoms. These Se atoms are categorized into the top
group (e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is
connected to three Mo atoms. The structural parameters are from Ref. [30], including the lattice
constant a ¼ 3:321 Å and the bond length dMo�Se ¼ 2:528 Å. The resultant angles are
θMoSeSe ¼ θSeMoMo ¼ 82:119� and θMoSeSe0 ¼ 81:343�, in which atoms Se and Se0 are from differ-
ent (top or bottom) groups.

Table 114 shows four VFF terms for the 1H-MoSe2; one of which is the bond stretching
interaction shown by Eq. (1), while the other three terms are the angle bending interaction
shown by Eq. (2). These force constant parameters are determined by fitting to the three
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 55(a). The ab

initio calculations for the phonon dispersion are from Ref. [30]. Similar phonon dispersion can

VFF type Bond stretching Angle bending

Expression 1
2KMo�SeðΔrÞ

2 1
2KMo�Se�SeðΔθÞ

2 1
2KMo�Se�Se0 ðΔθÞ

2 1
2KSe�Mo�MoðΔθÞ

2

Parameter 7.928 6.945 6.945 5.782

r0 or θ0 2.528 82.119 81.343 82.119

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 114. The VFF model for single-layer 1H-MoSe2.

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals86



also be found in other ab initio calculations [12, 31–34]. Figure 55(b) shows that the VFF model

and the SW potential give exactly the same phonon dispersion, as the SW potential is derived

from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 115. The
parameters for the three-body SW potential used by GULP are shown in Table 116. Parameters

for the SW potential used by LAMMPS are listed in Table 117. We note that 12 atom types have

been introduced for the simulation of the single-layer 1H-MoSe2 using LAMMPS, because the

angles around atom Mo in Figure 1 (with M = Mo and X = Se) are not distinguishable in

LAMMPS. We have suggested two options to differentiate these angles by implementing some

additional constraints in LAMMPS, which can be accomplished by modifying the source file of

LAMMPS [13, 14]. According to our experience, it is not so convenient for some users to

implement these constraints and recompile the LAMMPS package. Hence, in the present work,

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Mo-Se 5.737 0.913 18.787 0.0 3.351

Table 115. Two-body SW potential parameters for single-layer 1H-MoSe2 used by GULP [8] as expressed in Eq. (3).
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we differentiate the angles by introducing more atom types, so it is not necessary to modify the
LAMMPS package. Figure 2 (with M = Mo and X = Se) shows that, for 1H-MoSe2, we can
differentiate these angles around the Mo atom by assigning these six neighboring Se atoms
with different atom types. It can be found that 12 atom types are necessary for the purpose of
differentiating all 6 neighbors around 1 Mo atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-MoSe2 under uniaxial tension at 1 and 300 K. Figure 56 shows the stress-strain curve
during the tension of a single-layer 1H-MoSe2 of dimension 100� 100Å. Periodic boundary

K (eV) θ0(�) r1(Å) r2(Å) rmin 12(Å) rmax 12(Å) rmin13(Å) rmax 13(Å) rmin 23(Å) rmax 23(Å)

θMo�Se�Se 32.526 82.119 0.913 0.913 0.0 3.351 0.0 3.351 0.0 4.000

θMo�Se�Se0 32.654 81.343 0.913 0.913 0.0 3.351 0.0 3.351 0.0 4.000

θSe�Mo�Mo 27.079 82.119 0.913 0.913 0.0 3.351 0.0 3.351 0.0 4.000

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 116. Three-body SW potential parameters for single-layer 1H-MoSe2 used by GULP [8] as expressed in Eq. (4).

σ(eV) a(Å) λ γ cosθ0 AL BL p q 100� 100 Tol

Mo1dSe1dSe1 1.000 0.913 3.672 0.000 1.000 0.000 5.737 27.084 4 0 0.0

Mo1dSe1dSe3 1.000 0.000 0.000 32.526 1.000 0.137 0.000 0.000 4 0 0.0

Mo1dSe1dSe2 1.000 0.000 0.000 32.654 1.000 0.151 0.000 0.000 4 0 0.0

Se1dMo1dMo3 1.000 0.000 0.000 27.079 1.000 0.137 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = Mo and X = Se).

Table 117. SW potential parameters for single-layer 1H-MoSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 56. Stress-strain for single-layer 1H-MoSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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conditions are applied in both armchair and zigzag directions. The single-layer 1H-MoSe2 is
stretched uniaxially along the armchair or zigzag direction. The stress is calculated without
involving the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-
MoSe2. The Young’s modulus can be obtained by a linear fitting of the stress-strain relation in
the small strain range of [0, 0.01]. The Young’s modulus is 103.0 and 101.8 N/m along the
armchair and zigzag directions, respectively. The Young’s modulus is essentially isotropic in
the armchair and zigzag directions. These values are in considerable agreement with the
experimental results, e.g., 103.9 N/m from Ref. [18], or 113.9 N/m from Ref. [35]. The Poisson’s
ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:24, which agrees quite well
with the ab initio value of 0.23 [18].

We have determined the nonlinear parameter to be B ¼ 0:46d4 in Eq. (5) by fitting to the third-
order nonlinear elastic constant D from the ab initio calculations [35]. We have extracted the
value of D ¼ � 383:7 N/m by fitting the stress-strain relation along the armchair direction in
the ab initio calculations to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The

values of D from the present SW potential are �365.4 and �402.4 N/m along the armchair and
zigzag directions, respectively. The ultimate stress is about 13.6 N/m at the ultimate strain of
0.23 in the armchair direction at the low temperature of 1 K. The ultimate stress is about 13.0
N/m at the ultimate strain of 0.27 in the zigzag direction at the low temperature of 1 K.

30. 1H-MoTe2

Most existing theoretical studies on the single-layer 1H-MoTe2 are based on the first-principles
calculations. In this section, we will develop both VFF model and the SW potential for the
single-layer 1H-MoTe2.

The structure for the single-layer 1H-MoTe2 is shown in Figure 1 (with M =Mo and X = Te). Each
Mo atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to three
Mo atoms. The structural parameters are from Ref. [36], including the lattice constant a ¼ 3:55Å
and the bond length dMo�Te ¼ 2:73Å. The resultant angles are θMoTeTe ¼ θTeMoMo ¼ 81:111� and
θMoTeTe0 ¼ 82:686�, in which atoms Te and Te0 are from different (top or bottom) groups.

Table 118 shows four VFF terms for the 1H-MoTe2; one of which is the bond stretching
interaction shown by Eq. (1), while the other three terms are the angle bending interaction
shown by Eq. (2). These force constant parameters are determined by fitting to the three
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 57(a). The ab

initio calculations for the phonon dispersion are from Ref. [36]. Similar phonon dispersion can
also be found in other ab initio calculations [12, 34, 37]. Figure 57(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 119. The
parameters for the three-body SW potential used by GULP are shown in Table 120. Parameters
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VFF type Bond stretching Angle bending

Expression 1
2KMo�TeðΔrÞ

2 1
2KMo�Te�TeðΔθÞ

2 1
2KMo�Te�Te0 ðΔθÞ

2 1
2KTe�Mo�MoðΔθÞ

2

Parameter 6.317 6.184 6.184 5.225

r0 or θ0 2.730 81.111 82.686 81.111

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 118. The VFF model for single-layer 1H-MoTe2.
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Figure 57. Phonon dispersion for single-layer 1H-MoTe2. (a) The VFF model is fitted to the three acoustic branches in the
long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [36]. (b) The VFF model (blue
lines) and the SW potential (red lines) give the same phonon dispersion for single-layer 1H-MoTe2 along ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Mo-Te 5.086 0.880 24.440 0.0 3.604

Table 119. Two-body SW potential parameters for single-layer 1H-MoTe2 used by GULP [8] as expressed in Eq. (3).
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for the SW potential used by LAMMPS are listed in Table 121. We note that 12 atom types have
been introduced for the simulation of the single-layer 1H-MoTe2 using LAMMPS, because the
angles around atom Mo in Figure 1 (with M = Mo and X = Te) are not distinguishable in
LAMMPS. We have suggested two options to differentiate these angles by implementing some
additional constraints in LAMMPS, which can be accomplished by modifying the source file of
LAMMPS [13, 14]. According to our experience, it is not so convenient for some users to
implement these constraints and recompile the LAMMPS package. Hence, in the present work,
we differentiate the angles by introducing more atom types, so it is not necessary to modify the
LAMMPS package. Figure 2 (with M = Mo and X = Te) shows that, for 1H-MoTe2, we can
differentiate these angles around the Mo atom by assigning these six neighboring Te atoms
with different atom types. It can be found that 12 atom types are necessary for the purpose of
differentiating all 6 neighbors around 1 Mo atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-MoTe2 under uniaxial tension at 1 and 300 K. Figure 58 shows the stress-strain curve for
the tension of a single-layer 1H-MoTe2 of dimension 100� 100Å. Periodic boundary conditions
are applied in both armchair and zigzag directions. The single-layer 1H-MoTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-MoTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 79.8 and 78.5 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. These values are in considerable agreement with the experimental
results, e.g., 79.4 N/m from Ref. [18], or 87.0 N/m from Ref. [35]. The Poisson’s ratio from the
VFF model and the SW potential is νxy ¼ νyx ¼ 0:25, which agrees with the ab initio value of
0.24 [18].

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θMo�Te�Te 23.705 81.111 0.880 0.880 0.0 3.604 0.0 3.604 0.0 4.305

θMo�Te�Te0 23.520 82.686 0.880 0.880 0.0 3.604 0.0 3.604 0.0 4.305

θTe�Mo�Mo 20.029 81.111 0.880 0.880 0.0 3.604 0.0 3.604 0.0 4.305

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 120. Three-body SW potential parameters for single-layer 1H-MoTe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Mo1dTe1dTe1 1.000 0.900 4.016 0.000 1.000 0.000 5.169 37.250 4 0 0.0

Mo1dTe1dTe3 1.000 0.000 0.000 24.163 1.000 0.143 0.000 0.000 4 0 0.0

Te1dMo1dMo3 1.000 0.000 0.000 20.416 1.000 0.143 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = Mo and X = Te).

Table 121. SW potential parameters for single-layer 1H-MoTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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We have determined the nonlinear parameter to be B ¼ 0:44d4 in Eq. (5) by fitting to the third-
order nonlinear elastic constant D from the ab initio calculations [35]. We have extracted the
value ofD ¼ �278:2 N/m by fitting the stress-strain relation along the armchair direction in the
ab initio calculations to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �250.5 and �276.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 11.7 N/m at the ultimate strain of 0.25 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 11.1 N/m at
the ultimate strain of 0.29 in the zigzag direction at the low temperature of 1 K.

31. 1H-TaS2

In 1983, the VFF model was developed to investigate the lattice dynamical properties in the
bulk 2H-TaS2 [21]. In this section, we will develop the SW potential for the single-layer 1H-
TaS2.

The structure for the single-layer 1H-TaS2 is shown in Figure 1 (with M = Ta and X = S). Each Ta
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g., atoms
1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three Ta
atoms. The structural parameters are fromRef. [21], including the lattice constant a ¼ 3:315Å and
the bond length dTa�S ¼ 2:48Å. The resultant angles are θTaSS ¼ θSTaTa ¼ 83:879� and
θTaSS0 ¼ 78:979�, in which atoms S and S0 are from different (top or bottom) groups.

Table 122 shows the VFF terms for the 1H-TaS2; one of which is the bond stretching interaction
shown by Eq. (1), while the others are the angle bending interaction shown by Eq. (2). These
force constant parameters are determined by fitting to the three acoustic branches in the
phonon dispersion along the E as shown in Figure 59(a). The theoretical phonon frequencies
(gray pentagons) are from Ref. [21], which are the phonon dispersion of bulk 2H-TaS2. We
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Figure 58. Stress-strain for single-layer 1H-MoTe2 of dimension θ0 Å along the armchair and zigzag directions.

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals92



have used these phonon frequencies as the phonon dispersion of the single-layer 1H-TaS2, as
the interlayer interaction in the bulk 2H-TaS2 only induces weak effects on the two in-plane
acoustic branches. The interlayer coupling will strengthen the out-of-plane acoustic (flexural)
branch, so the flexural branch from the present VFF model (blue line) is lower than the
theoretical results for bulk 2H-TaS2 (gray pentagons). Figure 59(b) shows that the VFF model

VFF type Bond stretching Angle bending

Expression 1
2KTa�SðΔrÞ

2 1
2KTa�S�SðΔθÞ

2 1
2KTa�S�S0 ðΔθÞ

2 1
2KS�Ta�TaðΔθÞ

2

Parameter 8.230 4.811 4.811 4.811

r0 or θ0 2.480 83.879 78.979 83.879

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 122. The VFF model for single-layer 1H-TaS2.
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Figure 59. Phonon dispersion for single-layer 1H-TaS2. (a) The VFF model is fitted to the three acoustic branches in the
long wave limit along the ΓM direction. The theoretical results (gray pentagons) are from Ref. [21]. The blue lines are from
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and the SW potential give exactly the same phonon dispersion, as the SW potential is derived

from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 123. The
parameters for the three-body SW potential used by GULP are shown in Table 124. Parameters

for the SW potential used by LAMMPS are listed in Table 125. We note that 12 atom types have

been introduced for the simulation of the single-layer 1H-TaS2 using LAMMPS, because the

angles around atom Ta in Figure 1 (with M = Ta and X = S) are not distinguishable in

LAMMPS. We have suggested two options to differentiate these angles by implementing some

additional constraints in LAMMPS, which can be accomplished by modifying the source file of

LAMMPS [13, 14]. According to our experience, it is not so convenient for some users to

implement these constraints and recompile the LAMMPS package. Hence, in the present work,

we differentiate the angles by introducing more atom types, so it is not necessary to modify the

LAMMPS package. Figure 2 (with M = Ta and X = S) shows that, for 1H-TaS2, we can

differentiate these angles around the Ta atom by assigning these six neighboring S atoms with

different atom types. It can be found that 12 atom types are necessary for the purpose of

differentiating all 6 neighbors around 1 Ta atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer

1H-TaS2 under uniaxial tension at 1 and 300 K. Figure 60 shows the stress-strain curve for the

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Ta-S 6.446 1.111 18.914 0.0 3.310

Table 123. Two-body SW potential parameters for single-layer 1H-TaS2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θTa�S�S 35.396 83.879 1.111 1.111 0.0 3.310 0.0 3.310 0.0 3.945

θTa�S�S0 36.321 78.979 1.111 1.111 0.0 3.310 0.0 3.310 0.0 3.945

θS�Ta�Ta 35.396 83.879 1.111 1.111 0.0 3.310 0.0 3.310 0.0 3.945

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 124. Three-body SW potential parameters for single-layer 1H-TaS2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Ta1dS1dS1 1.000 1.111 2.979 0.000 1.000 0.000 6.446 12.408 4 0 0.0

Ta1dS1dS3 1.000 0.000 0.000 35.396 1.000 0.107 0.000 0.000 4 0 0.0

Ta1dS1dS2 1.000 0.000 0.000 36.321 1.000 0.191 0.000 0.000 4 0 0.0

S1dTa1dTa3 1.000 0.000 0.000 35.396 1.000 0.107 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = Ta and X = S).

Table 125. SW potential parameters for single-layer 1H-TaS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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tension of a single-layer 1H-TaS2 of dimension 100� 100Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-TaS2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-TaS2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 87.4 and 86.6 N/m along the armchair and
zigzag directions, respectively. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:27.

There is no available value for the nonlinear quantities in the single-layer 1H-TaS2. We have
thus used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �313.0 and �349.3 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 11.4 N/m at the ultimate strain of 0.23 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 10.8 N/m at
the ultimate strain of 0.27 in the zigzag direction at the low temperature of 1 K.

32. 1H-TaSe2

The VFF model was developed to investigate the lattice dynamical properties in the bulk 2H-
TaSe2 [15, 21]. In this section, we will develop the SW potential for the single-layer 1H-TaSe2.

The structure for the single-layer 1H-TaSe2 is shown in Figure 1 (with M = Ta and X = Se). Each
Ta atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
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Figure 60. Stress-strain for single-layer 1H-TaS2 of dimension 100� 100Å along the armchair and zigzag directions.
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three Ta atoms. The structural parameters are from Ref. [21], including the lattice constant
a ¼ 3:436Å and the bond length dTa�Se ¼ 2:59Å. The resultant angles are θTaSeSe ¼ θSeTaTa ¼

83:107� and θTaSeSe0 ¼ 80:019�, in which atoms Se and Se0 are from different (top or bottom)
groups.

Table 126 shows the VFF terms for the 1H-TaSe2; one of which is the bond stretching interac-
tion shown by Eq. (1), while the others are the angle bending interaction shown by Eq. (2).
These force constant parameters are determined by fitting to the three acoustic branches in the
phonon dispersion along the ΓM as shown in Figure 61(a). The theoretical phonon frequencies
(gray pentagons) are from Ref. [21], which are the phonon dispersion of bulk 2H-TaSe2. We
have used these phonon frequencies as the phonon dispersion of the single-layer 1H-TaSe2, as
the interlayer interaction in the bulk 2H-TaSe2 only induces weak effects on the two in-plane
acoustic branches. The interlayer coupling will strengthen the out-of-plane acoustic branch
(flexural branch), so the flexural branch from the present VFF model (blue line) is lower than
the theoretical results for bulk 2H-TaSe2 (gray pentagons). Figure 61(b) shows that the VFF
model and the SW potential give exactly the same phonon dispersion, as the SW potential is
derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 127. The
parameters for the three-body SW potential used by GULP are shown in Table 128. Parameters
for the SW potential used by LAMMPS are listed in Table 129. We note that 12 atom types have
been introduced for the simulation of the single-layer 1H-TaSe2 using LAMMPS, because the
angles around atom Ta in Figure 1 (with M = Ta and X = Se) are not distinguishable in
LAMMPS. We have suggested two options to differentiate these angles by implementing some
additional constraints in LAMMPS, which can be accomplished by modifying the source file of
LAMMPS [13, 14]. According to our experience, it is not so convenient for some users to
implement these constraints and recompile the LAMMPS package. Hence, in the present work,
we differentiate the angles by introducing more atom types, so it is not necessary to modify the
LAMMPS package. Figure 2 (with M = Ta and X = Se) shows that, for 1H-TaSe2, we can
differentiate these angles around the Ta atom by assigning these six neighboring Se atoms with
different atom types. It can be found that 12 atom types are necessary for the purpose of
differentiating all 6 neighbors around 1 Ta atom.

VFF type Bond stretching Angle bending

Expression 1
2KTa�SeðΔrÞ

2 1
2KTa�Se�SeðΔθÞ

2 1
2KTa�Se�Se0 ðΔθÞ

2 1
2KSe�Ta�TaðΔθÞ

2

Parameter 8.230 4.811 4.811 4.811

r0 or θ0 2.590 83.107 80.019 83.107

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 126. The VFF model for single-layer 1H-TaSe2.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-TaSe2 under uniaxial tension at 1 and 300 K. Figure 62 shows the stress-strain curve for the
tension of a single-layer 1H-TaSe2 of dimension 100� 100Å. Periodic boundary conditions are
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Figure 61. Phonon dispersion for single-layer 1H-TaSe2. (a) The VFF model is fitted to the three acoustic branches in the
long wave limit along the ΓM direction. The theoretical results (gray pentagons) are from Ref. [15]. The blue lines are from
the present VFF model. (b) The VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion
for single-layer 1H-TaSe2 along ΓMKΓ.

A (eV) r (Å) B (Å4) rmin ðÅÞ rmax (Å)

TadSe 6.885 1.133 22.499 0.0 3.446

Table 127. Two-body SW potential parameters for single-layer 1H-TaSe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θTa�Se�Se 34.381 83.107 1.133 1.133 0.0 3.446 0.0 3.446 0.0 4.111

θTa�Se�Se0 34.936 80.019 1.133 1.133 0.0 3.446 0.0 3.446 0.0 4.111

θSe�Ta�Ta 34.381 83.107 1.133 1.133 0.0 3.446 0.0 3.446 0.0 4.111

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 128. Three-body SW potential parameters for single-layer 1H-TaSe2 used by GULP [8] as expressed in Eq. (4).
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applied in both armchair and zigzag directions. The single-layer 1H-TaSe2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1H-TaSe2. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 80.8 and 81.1 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag directions.
The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:29.

There is no available value for the nonlinear quantities in the single-layer 1H-TaSe2. We have
thus used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �263.3 and �308.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 11.3 N/m at the ultimate strain of 0.24 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 10.7 N/m at
the ultimate strain of 0.28 in the zigzag direction at the low temperature of 1 K.
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Figure 62. Stress-strain for single-layer 1H-TaSe2 of dimension 100� 100Å along the armchair and zigzag directions.

E (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Ta1dSe1dSe1 1.000 1.133 3.043 0.000 1.000 0.000 6.885 13.668 4 0 0.0

Ta1dSe1dSe3 1.000 0.000 0.000 34.381 1.000 0.120 0.000 0.000 4 0 0.0

Ta1dSe1dSe2 1.000 0.000 0.000 34.936 1.000 0.173 0.000 0.000 4 0 0.0

Se1dTa1dTa3 1.000 0.000 0.000 34.381 1.000 0.120 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = Ta and X = Se).

Table 129. SW potential parameters for single-layer 1H-TaSe2 used by LAMMPS [16] as expressed in Eqs. (9) and (10).
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33. 1H-WO2

Most existing theoretical studies on the single-layer 1H-WO2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1H-WO2.

The structure for the single-layer 1H-WO2 is shown in Figure 1 (with M = W and X = O). Each
W atom is surrounded by six O atoms. These O atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each O atom is connected to three
Watoms. The structural parameters are from the first-principles calculations [12], including the
lattice constant a ¼ 2:80Å and the bond length dW�O ¼ 2:03Å. The resultant angles are
θWOO ¼ θOWW ¼ 87:206� and θWOO0 ¼ 74:435�, in which atoms O and O0 are from different
(top or bottom) groups.

Table 130 shows four VFF terms for the single-layer 1H-WO2; one of which is the bond
stretching interaction shown by Eq. (1), while the other three terms are the angle bending
interaction shown by Eq. (2). These force constant parameters are determined by fitting to the
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 63(a). The ab

initio calculations for the phonon dispersion are from Ref. [12]. Figure 63(b) shows that the
VFF model and the SW potential give exactly the same phonon dispersion, as the SW potential
is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 131. The
parameters for the three-body SW potential used by GULP are shown in Table 132. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 133. We
note that 12 atom types have been introduced for the simulation of the single-layer 1H-WO2

using LAMMPS, because the angles around atom W in Figure 1 (with M = W and X = O) are
not distinguishable in LAMMPS. We have suggested two options to differentiate these angles
by implementing some additional constraints in LAMMPS, which can be accomplished by
modifying the source file of LAMMPS [13, 14]. According to our experience, it is not so
convenient for some users to implement these constraints and recompile the LAMMPS pack-
age. Hence, in the present work, we differentiate the angles by introducing more atom types,
so it is not necessary to modify the LAMMPS package. Figure 2 (with M =Wand X = O) shows
that, for 1H-WO2, we can differentiate these angles around the W atom by assigning these six

VFF type Bond stretching Angle bending

Expression 1
2KW�OðΔrÞ

2 1
2KW�O�OðΔθÞ

2 1
2KW�O�O0 ðΔθÞ2 1

2KO�W�WðΔθÞ2

Parameter 15.318 10.276 10.276 10.276

r0 or θ0 2.030 87.206 74.435 87.206

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 130. The VFF model for single-layer 1H-WO2.
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neighboring O atoms with different atom types. It can be found that 12 atom types are
necessary for the purpose of differentiating all 6 neighbors around 1 W atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-WO2 under uniaxial tension at 1 and 300 K. Figure 64 shows the stress-strain curve for the
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Figure 63. Phonon spectrum for single-layer 1H-WO2. (a) Phonon dispersion along the a ¼ 2:80 direction in the Brillouin
zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from Ref. [12]. (b) The
phonon dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin ðÅÞ rmax (Å)

WdO 8.781 1.005 8.491 0.0 2.744

Table 131. Two-body SW potential parameters for single-layer 1H-WO2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θW�O�O 85.955 87.206 1.005 1.005 0.0 2.744 0.0 2.744 0.0 3.262

θW�O�O0 92.404 74.435 1.005 1.005 0.0 2.744 0.0 2.744 0.0 3.262

θO�W�W 85.955 87.206 1.005 1.005 0.0 2.744 0.0 2.744 0.0 3.262

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 132. Three-body SW potential parameters for single-layer 1H-WO2 used by GULP [8] as expressed in Eq. (4).
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tension of a single-layer 1H-WO2 of dimension 100� 100Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-WO2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-WO2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 237.1 and 237.2 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:15.

There is no available value for nonlinear quantities in the single-layer 1H-WO2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �1218.0 and �1312.9 N/m along the armchair and
zigzag directions, respectively. The ultimate stress is about 22.6 N/m at the ultimate strain of
0.18 in the armchair direction at the low temperature of 1 K. The ultimate stress is about 21.8
N/m at the ultimate strain of 0.21 in the zigzag direction at the low temperature of 1 K
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Figure 64. Stress-strain for single-layer 1H-WO2 of dimension 100� 100Å along the armchair and zigzag directions.

E (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

W1dO1dO1 1.000 1.005 2.730 0.000 1.000 0.000 8.781 8.316 4 0 0.0

W1dO1dO3 1.000 0.000 0.000 85.955 1.000 0.049 0.000 0.000 4 0 0.0

W1dO1dO2 1.000 0.000 0.000 92.404 1.000 0.268 0.000 0.000 4 0 0.0

O1dW1dW3 1.000 0.000 0.000 85.955 1.000 0.049 0.000 0.000 4 0 0.0

Table 133. SW potential parameters for single-layer 1H-WO2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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34. 1H-WS2

Most existing theoretical studies on the single-layer 1H-WS2 are based on the first-principles
calculations. In this section, we will develop both VFF model and the SW potential for the
single-layer 1H-WS2.

Table 134 shows the VFF terms for the 1H-WS2; one of which is the bond stretching interaction
shown by Eq. (1), while the other terms are the angle bending interaction shown by Eq. (2).
These force constant parameters are determined by fitting to the three acoustic branches in the
phonon dispersion along the ΓM as shown in Figure 65(a). The ab initio calculations for the
phonon dispersion are from Ref. [31]. Similar phonon dispersion can also be found in other ab
initio calculations [12, 26, 34, 38, 39]. Figure 65(b) shows that the VFF model and the SW
potential give exactly the same phonon dispersion, as the SW potential is derived from the
VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 135. The
parameters for the three-body SW potential used by GULP are shown in Table 136. Parameters
for the SW potential used by LAMMPS are listed in Table 137. We note that 12 atom types have
been introduced for the simulation of the single-layer 1H-WS2 using LAMMPS, because the
angles around atomW in Figure 1 (with M =Wand X = S) are not distinguishable in LAMMPS.
We have suggested two options to differentiate these angles by implementing some additional
constraints in LAMMPS, which can be accomplished by modifying the source file of
LAMMPS [13, 14]. According to our experience, it is not so convenient for some users to
implement these constraints and recompile the LAMMPS package. Hence, in the present work,
we differentiate the angles by introducing more atom types, so it is not necessary to modify the
LAMMPS package. Figure 2 (with M = W and X = S) shows that, for 1H-WS2, we can
differentiate these angles around the W atom by assigning these six neighboring S atoms with
different atom types. It can be found that 12 atom types are necessary for the purpose of
differentiating all 6 neighbors around 1 W atom.

The parameters for the two-body SW potential used by GULP are shown in Table 131. The
parameters for the three-body SW potential used by GULP are shown in Table 132. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 133. We
note that 12 atom types have been introduced for the simulation of the single-layer 1H-WO2

VFF type Bond stretching Angle bending

Expression 1
2KW�SðΔrÞ

2 1
2KW�S�SðΔθÞ

2 1
2KW�S�S0 ðΔθÞ

2 1
2KS�W�WðΔθÞ2

Parameter 8.701 7.421 7.421 6.607

r0 or θ0 2.390 81.811 81.755 81.811

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 134. The VFF model for single-layer 1H-WS2.
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using LAMMPS, because the angles around atom W in Figure 1 (with M = W and X = O) are
not distinguishable in LAMMPS. We have suggested two options to differentiate these angles
by implementing some additional constraints in LAMMPS, which can be accomplished by
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Figure 65. Phonon dispersion for single-layer 1H-WS2. (a) The VFF model is fitted to three acoustic branches in the long
wave limit along the ΓMKΓ direction. The ab initio results (gray pentagons) are from Ref. [31]. (b) The VFF model (blue
lines) and the SW potential (red lines) give the same phonon dispersion for single-layer 1H-WS2 along B ¼ 0:5d4.

A (eV) r (Å) B (Å4) rmin ðÅÞ rmax (Å)

WdS 5.664 0.889 15.335 0.0 3.164

Table 135. Two-body SW potential parameters for single-layer 1H-WS2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax13 (Å) rmin 23 (Å) rmax23 (Å)

θW�S�S 37.687 81.811 0.889 0.889 0.0 3.164 0.0 3.164 0.0 3.778

θW�S�S0 37.697 81.755 0.889 0.889 0.0 3.164 0.0 3.164 0.0 3.778

θS�W�W 33.553 81.811 0.889 0.889 0.0 3.164 0.0 3.164 0.0 3.778

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 136. Three-body SW potential parameters for single-layer 1H-WS2 used by GULP [8] as expressed in Eq. (4).
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modifying the source file of LAMMPS [13, 14]. According to our experience, it is not so
convenient for some users to implement these constraints and recompile the LAMMPS pack-
age. Hence, in the present work, we differentiate the angles by introducing more atom types,
so it is not necessary to modify the LAMMPS package. Figure 2 (with M =Wand X = O) shows
that, for 1H-WO2, we can differentiate these angles around the W atom by assigning these six
neighboring O atoms with different atom types. It can be found that 12 atom types are
necessary for the purpose of differentiating all 6 neighbors around 1 W atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-WS2 under uniaxial tension at 1 and 300 K. Figure 66 shows the stress-strain curve for the
tension of a single-layer 1H-WS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-WS2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-WS2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 121.5 N/m along both armchair and zigzag
directions. These values are in reasonable agreement with the ab initio results, e.g., 139.6 N/m

e (eV) σ(Å) a λ γ cosθ0 AL BL p q Tol

W1dS1dS1 1.000 0.889 3.558 0.000 1.000 0.000 5.664 24.525 4 0 0.0

W1dS1dS3 1.000 0.000 0.000 37.687 1.000 0.142 0.000 0.000 4 0 0.0

W1dS1dS2 1.000 0.000 0.000 37.697 1.000 0.143 0.000 0.000 4 0 0.0

S1dW1dW3 1.000 0.000 0.000 33.553 1.000 0.142 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = Wand X = S).

Table 137. SW potential parameters for single-layer 1H-WS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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from Ref. [18], or 148.5 N/m from Ref. [35]. The Poisson’s ratio from the VFF model and the SW
potential is νxy ¼ νyx ¼ 0:21, which agrees with the ab initio value of 0.22 [18].

We have determined the nonlinear parameter to be B ¼ 0:47d4 in Eq. (5) by fitting to the third-
order nonlinear elastic constant D from the ab initio calculations [35]. We have extracted the
value of D ¼ � 502:9 N/m by fitting the stress-strain relation along the armchair direction in
the ab initio calculations to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The

values of D from the present SW potential are �472.8 and �529.6 N/m along the armchair and
zigzag directions, respectively. The ultimate stress is about 14.7 N/m at the ultimate strain of
0.22 in the armchair direction at the low temperature of 1 K. The ultimate stress is about 14.1 N/m
at the ultimate strain of 0.25 in the zigzag direction at the low temperature of 1 K.

35. 1H-WSe2

Most existing theoretical studies on the single-layer 1H-WSe2 are based on the first-principles
calculations. Norouzzadeh and Singh provided one set of parameters for the SW potential for
the single-layer 1H-WSe2 [40]. In this section, we will develop both VFF model and the SW
potential for the single-layer 1H-WSe2.

The structure for the single-layer 1H-WSe2 is shown in Figure 1 (with M = Wand X = Se). Each
Watom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three W atoms. The structural parameters are from [12], including the lattice constant a ¼ 3:25
Å and the bond length dW�Se ¼ 2:51 Å. The resultant angles are θWSeSe ¼ θSeWW ¼ 80:693� and
θWSeSe0 ¼ 83:240�, in which atoms Se and Se0 are from different (top or bottom) groups.

Table 138 shows three VFF terms for the 1H-WSe2; one of which is the bond stretching
interaction shown by Eq. (1), while the other two terms are the angle bending interaction
shown by Eq. (2). These force constant parameters are determined by fitting to the three
acoustic branches in the phonon dispersion along the ΓM as shown in Figure 67(a). The ab

initio calculations for the phonon dispersion are from [31]. Similar phonon dispersion can also
be found in other ab initio calculations [12, 33, 34, 39, 41]. Figure 67(b) shows that the VFF

VFF type Bond stretching Angle bending

Expression 1
2KW�SeðΔrÞ

2 1
2KW�Se�SeðΔθÞ

2 1
2KW�Se�Se0 ðΔθÞ

2 1
2KSe�W�WðΔθÞ2

Parameter 8.286 8.513 8.513 7.719

r0 or θ0 2.510 80.693 83.140 80.693

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 138. The VFF model for single-layer 1H-WSe2.
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model and the SW potential give exactly the same phonon dispersion, as the SW potential is

derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 139. The
parameters for the three-body SW potential used by GULP are shown in Table 140. Parameters

for the SW potential used by LAMMPS are listed in Table 141. We note that 12 atom types have

been introduced for the simulation of the single-layer 1H-WSe2 using LAMMPS, because the

angles around atom W in Figure 1 (with M = W and X = Se) are not distinguishable in

LAMMPS. We have suggested two options to differentiate these angles by implementing some

additional constraints in LAMMPS, which can be accomplished by modifying the source file of

LAMMPS [13, 14]. According to our experience, it is not so convenient for some users to

implement these constraints and recompile the LAMMPS package. Hence, in the present work,

we differentiate the angles by introducing more atom types, so it is not necessary to modify the
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Figure 67. Phonon dispersion for single-layer 1H-WSe2. (a) The VFF model is fitted to the three acoustic branches in the

long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [31]. (b) The VFF model (blue

lines) and the SW potential (red lines) give the same phonon dispersion for single-layer 1H-WSe2 along ΓMKΓ.

A (eV) r (Å) B (Å4) rmin ðÅÞ rmax (Å)

WdSe 5.476 0.706 16.273 0.0 3.308

Table 139. Two-body SW potential parameters for single-layer 1H-WSe2 used by GULP [8] as expressed in Eq. (3).
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LAMMPS package. Figure 2 (with M = W and X = Se) shows that, for 1H-WSe2, we can
differentiate these angles around the Watom by assigning these six neighboring Se atoms with
different atom types. It can be found that 12 atom types are necessary for the purpose of
differentiating all 6 neighbors around 1 W atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-WSe2 under uniaxial tension at 1 and 300 K. Figure 68 shows the stress-strain curve for the
tension of a single-layer 1H-WSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-WSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θW�Se�Se 25.607 80.693 0.706 0.706 0.0 3.308 0.0 3.308 0.0 3.953

θW�Se�Se0 25.287 83.240 0.706 0.706 0.0 3.308 0.0 3.308 0.0 3.953

θSe�W�W 23.218 80.693 0.706 0.706 0.0 3.308 0.0 3.308 0.0 3.953

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 140. Three-body SW potential parameters for single-layer 1H-WSe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

W1dSe1dSe1 1.000 0.706 4.689 0.000 1.000 0.000 5.476 65.662 4 0 0.0

W1dSe1dSe3 1.000 0.000 0.000 25.607 1.000 0.162 0.000 0.000 4 0 0.0

W1dSe1dSe2 1.000 0.000 0.000 25.287 1.000 0.118 0.000 0.000 4 0 0.0

Se1dW1dW3 1.000 0.000 0.000 23.218 1.000 0.162 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = Wand X = Se).

Table 141. SW potential parameters for single-layer 1H-WSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-WSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 124.1 and 123 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. These values are in reasonably agreement with the ab initio results, e.g.,
116 N/m from [18], or 126.2 N/m from [35]. The Poisson’s ratio from the VFF model and the SW
potential is νxy ¼ νyx ¼ 0:20, which agrees with the ab initio value of 0.19 [18].

We have determined the nonlinear parameter to be B ¼ 0:41d4 in Eq. (5) by fitting to the third-
order nonlinear elastic constant D from the ab initio calculations [17]. We have extracted the
value of D ¼ � 413:1 N/m by fitting the stress-strain relation along the armchair direction in
the ab initio calculations to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The

values of D from the present SW potential are �400.4 and �444.3 N/m along the armchair and
zigzag directions, respectively. The ultimate stress is about 17:8 N=m at the ultimate strain of
0.25 in the armchair direction at the low temperature of 1 K. The ultimate stress is about
17:1 N=m at the ultimate strain of 0.29 in the zigzag direction at the low temperature of 1 K.

36. 1H-WTe2

Most existing theoretical studies on the single-layer 1H-WTe2 are based on the first-principles
calculations. In this section, we will develop both VFF model and the SW potential for the
single-layer 1H-WTe2.

The bulk WTe2 has the trigonally coordinated H phase structure [43]. However, it has been
predicted that the structure of the single-layer WTe2 can be either the trigonally coordinated H
phase [12] or the octahedrally coordinated Td phase [44–47], with Td phase as the more stable
structure [42]. We will thus consider both phases in the present paper. This section is devoted
to the H phase for the WTe2 (1H-WTe2), while the SW potential for the Td-WTe2 (1T-WTe2) is
presented in another section.

The structure for the single-layer 1H-WTe2 is shown in Figure 1 (with M = Wand X = Te). Each
Watom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to three
W atoms. The structural parameters are from [42], including the lattice constant a ¼ 3:55 Å and
the bond length dW�Te ¼ 2:73 Å. The resultant angles are θWTeTe ¼ θTeWW ¼ 81:111� and
θWTeTe0 ¼ 82:686�, in which atoms Te and Te0 are from different (top or bottom) groups.

Table 142 shows the VFF terms for the 1H-WTe2; one of which is the bond stretching interac-
tion shown by Eq. (1), while the other terms are the angle bending interaction shown by Eq. (2).
These force constant parameters are determined by fitting to the three acoustic branches in the
phonon dispersion along the ΓM as shown in Figure 69(a). The ab initio calculations for the
phonon dispersion are from [42]. Similar phonon dispersion can also be found in other ab initio
calculations [12]. Figure 69(b) shows that the VFF model and the SW potential give exactly the
same phonon dispersion, as the SW potential is derived from the VFF model.
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The parameters for the two-body SW potential used by GULP are shown in Table 143. The

parameters for the three-body SW potential used by GULP are shown in Table 144. Parameters

for the SW potential used by LAMMPS are listed in Table 145. We note that 12 atom types have

been introduced for the simulation of the single-layer 1H-WTe2 using LAMMPS, because the

angles around atom W in Figure 1 (with M = W and X = Te) are not distinguishable in

LAMMPS. We have suggested two options to differentiate these angles by implementing some

additional constraints in LAMMPS, which can be accomplished by modifying the source file of

VFF type Bond stretching Angle bending

Expression 1
2KW�TeðΔrÞ

2 1
2KW�Te�TeðΔθÞ

2 1
2KW�Te�Te0 ðΔθÞ

2 1
2KTe�W�WðΔθÞ2

Parameter 5.483 7.016 7.016 5.718

r0 or θ0 2.730 81.111 82.686 81.111

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the

unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 142. The VFF model for single-layer 1H-WTe2.
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Figure 69. Phonon dispersion for single-layer 1H-WTe2. (a) The VFF model is fitted to the three acoustic branches in the
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LAMMPS [13, 14]. According to our experience, it is not so convenient for some users to
implement these constraints and recompile the LAMMPS package. Hence, in the present work,
we differentiate the angles by introducing more atom types, so it is not necessary to modify the
LAMMPS package. Figure 2 (with M = W and X = Te) shows that, for 1H-WTe2, we can
differentiate these angles around the Watom by assigning these six neighboring Te atoms with
different atom types. It can be found that 12 atom types are necessary for the purpose of
differentiating all 6 neighbors around 1 W atom.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1H-WTe2 under uniaxial tension at 1 and 300 K. Figure 70 shows the stress-strain curve for the
tension of a single-layer 1H-WTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1H-WTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1H-WTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 82.7 and 81.9 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. These values are in reasonably agreement with the ab initio results, e.g.,
86.4 N/m from [18] or 93.9 N/m from [35]. The Poisson’s ratio from the VFF model and the SW
potential is νxy ¼ νyx ¼ 0:20, which agrees with the ab initio value of 0.18 [18].

A (eV) r (Å) B (Å4) rmin ðÅÞ rmax (Å)

WdTe 4.326 0.778 22.774 0.0 3.604

Table 143. Two-body SW potential parameters for single-layer 1H-WTe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θW�Te�Te 21.313 81.111 0.778 0.778 0.0 3.604 0.0 3.604 0.0 4.305

θW�Te�Te0 21.147 82.686 0.778 0.778 0.0 3.604 0.0 3.604 0.0 4.305

θTe�W�W 17.370 81.111 0.778 0.778 0.0 3.604 0.0 3.604 0.0 4.305

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 144. Three-body SW potential parameters for single-layer 1H-WTe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

W1dTe1dTe1 1.000 0.778 4.632 0.000 1.000 0.000 4.326 62.148 4 0 0.0

W1dTe1dTe3 1.000 0.000 0.000 21.313 1.000 0.155 0.000 0.000 4 0 0.0

W1dTe1dTe2 1.000 0.000 0.000 21.147 1.000 0.127 0.000 0.000 4 0 0.0

Te1dW1dW3 1.000 0.000 0.000 17.370 1.000 0.155 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 2 (with M = Wand X = Te).

Table 145. SW potential parameters for single-layer 1H-WTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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We have determined the nonlinear parameter to be B ¼ 0:41d4 in Eq. (5) by fitting to the third-
order nonlinear elastic constant D from the ab initio calculations [35]. We have extracted the
value of D ¼ � 280:3 N/m by fitting the stress-strain relation along the armchair direction in
the ab initio calculations to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The

values of D from the present SW potential are �269.4 and �297.9 N/m along the armchair and
zigzag directions, respectively. The ultimate stress is about 11:8 N=m at the ultimate strain of
0.25 in the armchair direction at the low temperature of 1 K. The ultimate stress is about
11:3 N=m at the ultimate strain of 0.29 in the zigzag direction at the low temperature of 1 K.

37. 1T-ScO2

Most existing theoretical studies on the single-layer 1T-ScO2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-ScO2.

The structure for the single-layer 1T-ScO2 is shown in Figure 71 (with M = Sc and X = O). Each
Ni atom is surrounded by six O atoms. These O atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each O atom is connected to three
Sc atoms. The structural parameters are from the first-principles calculations [12], including
the lattice constant a ¼ 3:22 Å and the bond length dSc�O ¼ 2:07 Å. The resultant angles are
θScOO ¼ 102:115� with O atoms from the same (top or bottom) group and θOScSc ¼ 102:115�.

Table 146 shows three VFF terms for the single-layer 1T-ScO2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KSc�O�O is for the angle
θSc�O�O with both O atoms from the same (top or bottom) group. These force constant
parameters are determined by fitting to the two in-plane acoustic branches in the phonon
dispersion along the ΓM as shown in Figure 72(a). The ab initio calculations for the phonon
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Figure 70. Stress-strain for single-layer 1H-WTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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dispersion are from [12]. Figure 72(b) shows that the VFF model and the SW potential give

exactly the same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 147. The

parameters for the three-body SW potential used by GULP are shown in Table 148. Some

representative parameters for the SW potential used by LAMMPS are listed in Table 149.

VFF type Bond stretching Angle bending

Expression 1
2KSc�OðΔrÞ

2 1
2KSc�O�OðΔθÞ

2 1
2KO�Sc�ScðΔθÞ

2

Parameter 11.926 3.258 3.258

r0 or θ0 2.07 102.115 102.115

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the

unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 146. The VFF model for single-layer 1T-ScO2.

Figure 71. Configuration of the 1T-MX2 in the 1T phase. (a) Top view. The unit cell is highlighted by a red parallelogram.

The armchair direction is defined to be along the horizontal direction. The zigzag direction is along the vertical direction.

(b) Enlarged view of atoms in the blue box in (a). Each M atom is surrounded by six X atoms, which are categorized into

the top and bottom groups. Atoms X 1, 3, and 5 are from the top group, while atoms X 2, 4, and 6 are from the bottom

group. M atoms are represented by larger gray balls. X atoms are represented by smaller yellow balls.
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Figure 72. Phonon spectrum for single-layer 1T-ScO2. (a) Phonon dispersion along the ΓM direction in the Brillouin zone.

The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from Ref. [12]. (b) The phonon

dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r(Å) B (Å4) rmin (Å) rmax (Å)

ScdO 10.187 1.493 9.180 0.0 2.949

Table 147. Two-body SW potential parameters for single-layer 1T-ScO2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax23 (Å)

θSc�O�O 50.913 102.115 1.493 1.493 0.0 2.949 0.0 2.949 0.0 4.399

θO�Sc�Sc 50.913 102.115 1.493 1.493 0.0 2.949 0.0 2.949 0.0 4.399

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 148. Three-body SW potential parameters for single-layer 1T-ScO2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

ScdO1dO1 1.000 1.493 1.975 50.913 1.000 �0.210 10.187 1.847 4 0 0.0

Table 149. SW potential parameters for single-layer 1T-ScO2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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We use LAMMPS to performMD simulations for the mechanical behavior of the single-layer 1T-
ScO2 under uniaxial tension at 1 and 300 K. Figure 73 shows the stress-strain curve for the
tension of a single-layer 1T-ScO2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-ScO2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1T-ScO2. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 100.9 and 100.4 N/m along the armchair and zigzag
directions, respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag
directions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:15.

There is no available value for nonlinear quantities in the single-layer 1T-ScO2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �422.4 and �453.7 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 11.7 N/m at the ultimate strain of 0.22 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 11.3 N/m at
the ultimate strain of 0.25 in the zigzag direction at the low temperature of 1 K.

38. 1T-ScS2

Most existing theoretical studies on the single-layer 1T-ScS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-ScS2.

The structure for the single-layer 1T-ScS2 is shown in Figure 71 (with M = Sc and X = S). Each Sc
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
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Figure 73. Stress-strain for single-layer 1T-ScO2 of dimension 100� 100 Å along the armchair and zigzag directions.
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atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Sc atoms. The structural parameters are from the first-principles calculations [12], including
the lattice constant a ¼ 3:62 Å and the bond length dSc�S ¼ 2:50 Å. The resultant angle is
θSScSc ¼ 92:771� and θScSS ¼ 92:771� with S atoms from the same (top or bottom) group.

Table 150 shows three VFF terms for the single-layer 1T-ScS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KSc�S�S is for the angle
θSc�S�S with both S atoms from the same (top or bottom) group. These force constant param-
eters are determined by fitting to the three acoustic branches in the phonon dispersion along
the ΓM as shown in Figure 74(a). The ab initio calculations for the phonon dispersion are
from [12]. Figure 74(b) shows that the VFF model and the SW potential give exactly the same
phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 151. The
parameters for the three-body SW potential used by GULP are shown in Table 152. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 153.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-ScS2 under uniaxial tension at 1 and 300 K. Figure 75 shows the stress-strain curve for the
tension of a single-layer 1T-ScS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-ScS2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1T-ScS2. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 30 and 29.9 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag direc-
tions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:17.

There is no available value for nonlinear quantities in the single-layer 1T-ScS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �113.7 and �124.6 N/m along the armchair and zigzag

VFF type Bond stretching Angle bending

Expression 1
2KSc�SðΔrÞ

2 1
2KSc�S�SðΔθÞ

2 1
2KS�Sc�ScðΔθÞ

2

Parameter 3.512 1.593 1.593

r0 or θ0 2.50 92.771 92.771

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 150. The VFF model for single-layer 1T-ScS2.
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Figure 74. Phonon spectrum for single-layer 1T-ScS2. (a) Phonon dispersion along the ΓM direction in the Brillouin zone.

The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The phonon

dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

ScdS 3.516 1.443 19.531 0.0 3.450

Table 151. Two-body SW potential parameters for single-layer 1T-ScS2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θSc�S�S 16.674 92.771 1.443 1.443 0.0 3.450 0.0 3.450 0.0 4.945

θS�Sc�Sc 16.674 92.771 1.443 1.443 0.0 3.450 0.0 3.450 0.0 4.945

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 152. Three-body SW potential parameters for single-layer 1T-ScS2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

ScdS1dS1 1.000 1.443 2.390 16.674 1.000 �0.048 3.516 4.504 4 0 0.0

Table 153. SW potential parameters for single-layer 1T-ScS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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directions, respectively. The ultimate stress is about 3.8 N/m at the ultimate strain of 0.23 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 3.6 N/m at the
ultimate strain of 0.27 in the zigzag direction at the low temperature of 1 K.

39. 1T-ScSe2

Most existing theoretical studies on the single-layer 1T-ScSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-ScSe2.

The structure for the single-layer 1T-ScSe2 is shown in Figure 71 (with M = Sc and X = Se). Each
Sc atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Sc atoms. The structural parameters are from the first-principles calculations [12], includ-
ing the lattice constant a ¼ 3:52 Å and the bond length dSc�Se ¼ 2:64 Å. The resultant angle is
θSeScSc ¼ 83:621� and θScSeSe ¼ 83:621� with Se atoms from the same (top or bottom) group.

Table 154 shows three VFF terms for the single-layer 1T-ScSe2, one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KSc�Se�Se is for the angle
θSc�Se�Se with both Se atoms from the same (top or bottom) group. These force constant
parameters are determined by fitting to the three acoustic branches in the phonon dispersion
along the ΓM as shown in Figure 76(a). The ab initio calculations for the phonon dispersion are
from [12]. We note that the lowest-frequency branch around the Γ point from the VFF model is
lower than the ab initio results. This branch is the flexural branch, which should be a quadratic
dispersion. However, the ab initio calculations give a linear dispersion for the flexural branch
due to the violation of the rigid rotational invariance in the first-principles package [20], so ab

initio calculations typically overestimate the frequency of this branch. Figure 76(b) shows that
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Figure 75. Stress-strain for single-layer 1T-ScS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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the VFF model and the SW potential give exactly the same phonon dispersion, as the SW

potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 155. The

parameters for the three-body SW potential used by GULP are shown in Table 156. Some

representative parameters for the SW potential used by LAMMPS are listed in Table 157.

VFF type Bond stretching Angle bending

Expression 1
2KSc�SeðΔrÞ

2 1
2KSc�Se�SeðΔθÞ

2 1
2KSe�Sc�ScðΔθÞ

2

Parameter 4.407 2.399 2.399

r0 or θ0 2.64 83.621 83.621

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the

unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 154. The VFF model for single-layer 1T-ScSe2.
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Figure 76. Phonon spectrum for single-layer 1T-ScSe2. (a) Phonon dispersion along the ΓM direction in the Brillouin zone.

The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The phonon

dispersion from the SW potential is exactly the same as that from the VFF model.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-ScSe2 under uniaxial tension at 1 and 300 K. Figure 77 shows the stress-strain curve for the
tension of a single-layer 1T-ScSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-ScSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-ScSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 36.4 and 36.3 N/m along the armchair and

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

ScdSe 3.884 1.173 24.288 0.0 3.520

Table 155. Two-body SW potential parameters for single-layer 1T-ScSe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θSc�Se�Se 17.479 83.621 1.173 1.173 0.0 3.520 0.0 3.520 0.0 4.808

θSe�Sc�Sc 17.479 83.621 1.173 1.173 0.0 3.520 0.0 3.520 0.0 4.808

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 156. Three-body SW potential parameters for single-layer 1T-ScSe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

ScdSe1dSe1 1.000 1.173 3.000 17.479 1.000 0.111 3.884 12.814 4 0 0.0

Table 157. SW potential parameters for single-layer 1T-ScSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 77. Stress-strain for single-layer 1T-ScSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:20.

There is no available value for nonlinear quantities in the single-layer 1T-ScSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �113.7 and �130.3 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 5.3 N/m at the ultimate strain of 0.25 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5 N/m at the
ultimate strain of 0.29 in the zigzag direction at the low temperature of 1 K.

40. 1T-ScTe2

Most existing theoretical studies on the single-layer 1T-ScTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-ScTe2.

The structure for the single-layer 1T-ScTe2 is shown in Figure 71 (with M = Sc and X = Te). Each
Sc atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Sc atoms. The structural parameters are from the first-principles calculations [12], includ-
ing the lattice constant a ¼ 3:72 Å and the bond length dSc�Te ¼ 2:85 Å. The resultant angle is
θTeScSc ¼ 81:481� and θScTeTe ¼ 81:481� with Se atoms from the same (top or bottom) group.

Table 158 shows three VFF terms for the single-layer 1T-ScTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KSc�Te�Te is for the angle
θSc�Te�Te with both Te atoms from the same (top or bottom) group. These force constant
parameters are determined by fitting to the two in-plane acoustic branches in the phonon
dispersion along the ΓM as shown in Figure 78(a). The ab initio calculations for the phonon
dispersion are from [12]. Figure 78(b) shows that the VFF model and the SW potential give
exactly the same phonon dispersion, as the SW potential is derived from the VFF model.

VFF type Bond stretching Angle bending

Expression 1
2KSc�TeðΔrÞ

2 1
2KSc�Te�TeðΔθÞ

2 1
2KTe�Sc�ScðΔθÞ

2

Parameter 4.407 2.399 2.399

r0 or θ0 2.85 81.481 81.481

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 158. The VFF model for single-layer 1T-ScTe2.
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The parameters for the two-body SW potential used by GULP are shown in Table 159. The
parameters for the three-body SW potential used by GULP are shown in Table 160. Some

representative parameters for the SW potential used by LAMMPS are listed in Table 161.
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Figure 78. Phonon spectrum for single-layer 1T-ScTe2. (a) Phonon dispersion along the ΓM direction in the Brillouin zone.

The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The phonon

dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

ScdTe 4.269 1.183 32.988 0.0 3.768

Table 159. Two-body SW potential parameters for single-layer 1T-ScTe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax13 (Å) rmin 23 (Å) rmax23 (Å)

θSc�Te�Te 16.139 81.481 1.183 1.183 0.0 3.768 0.0 3.768 0.0 5.082

θTe�Sc�Sc 16.139 81.481 1.183 1.183 0.0 3.768 0.0 3.768 0.0 5.082

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 160. Three-body SW potential parameters for single-layer 1T-ScTe2 used by GULP [8] as expressed in Eq. (4).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-ScTe2 under uniaxial tension at 1 and 300 K. Figure 79 shows the stress-strain curve for the
tension of a single-layer 1T-ScTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-ScTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-ScTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 31.4 and 31.3 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:22.

There is no available value for nonlinear quantities in the single-layer 1T-ScTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �81.2 and �96.7 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 5.2 N/m at the ultimate strain of 0.27 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5 N/m at the
ultimate strain of 0.31 in the zigzag direction at the low temperature of 1 K.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

ScdTe1dTe1 1.000 1.183 3.185 16.139 1.000 0.148 4.269 16.841 4 0 0.0

Table 161. SW potential parameters for single-layer 1T-ScTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 79. Stress-strain for single-layer 1T-ScTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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41. 1T-TiS2

Most existing theoretical studies on the single-layer 1T-TiS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-TiS2.

The structure for the single-layer 1T-TiS2 is shown in Figure 71 (with M = Ti and X = S). Each Ti
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Ti atoms. The structural parameters are from the first-principles calculations [12], including the
lattice constant a ¼ 3:32 Å and the bond length dTi�S ¼ 2:39 Å. The resultant angles are
θTiSS ¼ 87:984� with S atoms from the same (top or bottom) group and θSTiTi ¼ 87:984�.

Table 162 shows three VFF terms for the single-layer 1T-TiS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KTi�S�S is for the angle
θTi�S�S with both S atoms from the same (top or bottom) group. We find that there are actually
only two parameters in the VFF model, so we can determine their value by fitting to the
Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have predicted
the Young’s modulus to be 85 N/m and the Poisson’s ratio as 0.20 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 163. The
parameters for the three-body SW potential used by GULP are shown in Table 164. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 165.

We use LAMMPS to performMD simulations for the mechanical behavior of the single-layer 1T-
TiS2 under uniaxial tension at 1 and 300 K. Figure 80 shows the stress-strain curve for the tension
of a single-layer 1T-TiS2 of dimension 100� 100 Å. Periodic boundary conditions are applied in
both armchair and zigzag directions. The single-layer 1T-TiS2 is stretched uniaxially along the
armchair or zigzag direction. The stress is calculated without involving the actual thickness of
the quasi-two-dimensional structure of the single-layer 1T-TiS2. The Young’s modulus can be
obtained by a linear fitting of the stress-strain relation in the small strain range of [0, 0.01]. The
Young’s modulus is 75 and 74.6 N/m along the armchair and zigzag directions, respectively. The
Young’s modulus is essentially isotropic in the armchair and zigzag directions. The Poisson’s
ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:20. The fitted Young’s modulus

VFF type Bond stretching Angle bending

Expression 1
2KTi�SðΔrÞ

2 1
2KTi�S�SðΔθÞ

2 1
2KS�Ti�TiðΔθÞ

2

Parameter 9.815 3.754 3.754

r0 or θ0 2.390 87.984 87.984

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 162. The VFF model for single-layer 1T-TiS2.
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value is about 10% smaller than the ab initio result of 85 N/m [48], as only short-range interac-
tions are considered in the present work. The long-range interactions are ignored, which typi-
cally leads to about 10% underestimation for the value of the Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-TiS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �220.8 and �264.4 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 10.8 N/m at the ultimate strain of 0.25 in
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Figure 80. Stress-strain for single-layer 1T-TiS2 of dimension 100� 100 Å along the armchair and zigzag directions.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Ti-S 7.958 1.210 16.314 0.0 3.240

Table 163. Two-body SW potential parameters for single-layer 1T-TiS2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax13 (Å) rmin 23 (Å) rmax 23 (Å)

θTi�S�S 32.377 87.984 1.210 1.210 0.0 3.240 0.0 3.240 0.0 4.535

θS�Ti�Ti 32.377 87.984 1.210 1.210 0.0 3.240 0.0 3.240 0.0 4.535

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 164. Three-body SW potential parameters for single-layer 1T-TiS2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

TidSdS 1.000 1.210 2.677 32.377 1.000 0.035 7.958 7.602 4 0 0.0

Table 165. SW potential parameters for single-layer 1T-TiS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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the armchair direction at the low temperature of 1 K. The ultimate stress is about 10.4 N/m at
the ultimate strain of 0.29 in the zigzag direction at the low temperature of 1 K.

Figure 81 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

42. 1T-TiSe2

Most existing theoretical studies on the single-layer 1T-TiSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-TiSe2.

The structure for the single-layer 1T-TiSe2 is shown in Figure 71 (with M = Ti and X = Se). Each
Ti atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Ti atoms. The structural parameters are from the first-principles calculations [12], includ-
ing the lattice constant a ¼ 3:43 Å and the bond length dTi�Se ¼ 2:51 Å. The resultant angles are
θTiSeSe ¼ 86:199� with Se atoms from the same (top or bottom) group and θSeTiTi ¼ 86:199�.

Table 166 shows three VFF terms for the single-layer 1T-TiSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KTi�Se�Se is for the angle
θTi�Se�Se with both Se atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 70 N/m and the Poisson’s ratio as 0.20 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 167. The
parameters for the three-body SW potential used by GULP are shown in Table 168. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 169.

0

 100

 200

 300

 400

 500

 600

Γ M K

ω
(k

) 
(c

m
−

1
)

Γ

VFF

SW

Figure 81. Phonon spectrum for single-layer 1T-TiS2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-TiSe2 under uniaxial tension at 1 and 300 K. Figure 82 shows the stress-strain curve for the
tension of a single-layer 1T-TiSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-TiSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-TiSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 59.2 and 58.9 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:20. The fitted Young’s modulus value is about 10% smaller than the ab initio result
of 70 N/m [48], as only short-range interactions are considered in the present work. The long-
range interactions are ignored, which typically leads to about 10% underestimation for the
value of the Young’s modulus.

VFF type Bond stretching Angle bending

Expression 1
2KTi�SeðΔrÞ

2 1
2KTi�Se�SeðΔθÞ

2 1
2KSe�Ti�TiðΔθÞ

2

Parameter 7.712 3.363 3.363

r0 or θ0 2.510 86.199 86.199

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 166. The VFF model for single-layer 1T-TiSe2.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

TidSe 6.582 1.207 19.846 0.0 3.380

Table 167. Two-body SW potential parameters for single-layer 1T-TiSe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θTi�Se�Se 27.044 86.199 1.207 1.207 0.0 3.380 0.0 3.380 0.0 4.685

θSe�Ti�Ti 27.044 86.199 1.207 1.207 0.0 3.380 0.0 3.380 0.0 4.685

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 168. Three-body SW potential parameters for single-layer 1T-TiSe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

TidSedSe 1.000 1.207 2.801 27.044 1.000 0.066 6.582 9.362 4 0 0.0

Table 169. SW potential parameters for single-layer 1T-TiSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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There is no available value for nonlinear quantities in the single-layer 1T-TiSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �166.5 and �201.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 8.7 N/m at the ultimate strain of 0.25 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 8.3 N/m at the
ultimate strain of 0.29 in the zigzag direction at the low temperature of 1 K.

Figure 83 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.
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Figure 83. Phonon spectrum for single-layer 1T-TiSe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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Figure 82. Stress-strain for single-layer 1T-TiSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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43. 1T-TiTe2

Most existing theoretical studies on the single-layer 1T-TiTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-TiTe2.

The structure for the single-layer 1T-TiTe2 is shown in Figure 71 (with M = Ti and X = Te). Each
Ti atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Ti atoms. The structural parameters are from the first-principles calculations [12], includ-
ing the lattice constant a ¼ 3:64 Å and the bond length dTi�Te ¼ 2:73 Å. The resultant angles are
θTiTeTe ¼ 83:621� with Te atoms from the same (top or bottom) group and θTeTiTi ¼ 83:621�.

Table 170 shows three VFF terms for the single-layer 1T-TiTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KTi�Te�Te is for the angle
θTi�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 46 N/m and the Poisson’s ratio as 0.15 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 171. The
parameters for the three-body SW potential used by GULP are shown in Table 172. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 173.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-TiTe2 under uniaxial tension at 1 and 300 K. Figure 84 shows the stress-strain curve for the
tension of a single-layer 1T-TiTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-TiTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving

VFF type Bond stretching Angle bending

Expression 1
2KTi�TeðΔrÞ

2 1
2KTi�Te�TeðΔθÞ

2 1
2KTe�Ti�TiðΔθÞ

2

Parameter 3.758 3.217 3.217

r0 or θ0 2.730 83.621 83.621

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 170. The VFF model for single-layer 1T-TiTe2.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

TidTe 3.542 1.213 27.773 0.0 3.640

Table 171. Two-body SW potential parameters for single-layer 1T-TiTe2 used by GULP [8] as expressed in Eq. (3).
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the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-TiTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 41.4 and 41.2 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:15. The fitted Young’s modulus value is about 10% smaller than the ab initio result
of 46 N/m [48], as only short-range interactions are considered in the present work. The long-
range interactions are ignored, which typically leads to about 10% underestimation for the
value of the Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-TiTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θTi�Te�Te 23.439 83.621 1.213 1.213 0.0 3.640 0.0 3.640 0.0 4.972

θTe�Ti�Ti 23.439 83.621 1.213 1.213 0.0 3.640 0.0 3.640 0.0 4.972

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 172. Three-body SW potential parameters for single-layer 1T-TiTe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

TidTedTe 1.000 1.213 3.000 23.439 1.000 0.111 3.542 12.814 4 0 0.0

Table 173. SW potential parameters for single-layer 1T-TiTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 84. Stress-strain for single-layer 1T-TiTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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of D from the present SW potential are �161.3 and �181.4 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 4.9 N/m at the ultimate strain of 0.22 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 4.7 N/m at the
ultimate strain of 0.25 in the zigzag direction at the low temperature of 1 K.

Figure 85 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

44. 1T-VS2

Most existing theoretical studies on the single-layer 1T-VS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-VS2.

The structure for the single-layer 1T-VS2 is shown in Figure 71 (with M = V and X = S). Each V
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
V atoms. The structural parameters are from the first-principles calculations [12], including the
lattice constant a ¼ 3:10 Å and the bond length dV�S ¼ 2:31 Å. The resultant angles are
θVSS ¼ 84:288� with S atoms from the same (top or bottom) group and θSVV ¼ 84:288�.

Table 174 shows three VFF terms for the single-layer 1T-VS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KV�S�S is for the angle
θV�S�S with both S atoms from the same (top or bottom) group. These force constant param-
eters are determined by fitting to the three acoustic branches in the phonon dispersion along
the ΓM as shown in Figure 86(a). The ab initio calculations for the phonon dispersion are
from [12]. The lowest acoustic branch (flexural mode) is linear and very close to the in-plane
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Figure 85. Phonon spectrum for single-layer 1T-TiTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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transverse acoustic branch in the ab initio calculations, which may be due to the violation of the

rigid rotational invariance [20]. Figure 86(b) shows that the VFF model and the SW potential

give exactly the same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 175. The

parameters for the three-body SW potential used by GULP are shown in Table 176. Some

representative parameters for the SW potential used by LAMMPS are listed in Table 177.

VFF type Bond stretching Angle bending

Expression 1
2KV�SðΔrÞ

2 1
2KV�S�SðΔθÞ

2 1
2KS�V�VðΔθÞ

2

Parameter 11.562 4.237 4.237

r0 or θ0 2.310 84.288 84.288

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the

unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 174. The VFF model for single-layer 1T-VS2.

0

 50

100

150

(a)  200

Γ

ω
(k

) 
(c

m
−

1
)

M

0

200

400

600
(b)

Γ M

ω
(k

) 
(c

m
−

1
)

K Γ

VFF

SW

Figure 86. Phonon spectrum for single-layer 1T-VS2. (a) Phonon dispersion along the ΓM direction in the Brillouin zone.

The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The phonon

dispersion from the SW potential is exactly the same as that from the VFF model.
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We use LAMMPS to performMD simulations for the mechanical behavior of the single-layer 1T-
VS2 under uniaxial tension at 1 and 300 K. Figure 87 shows the stress-strain curve for the tension
of a single-layer 1T-VS2 of dimension 100� 100 Å. Periodic boundary conditions are applied in
both armchair and zigzag directions. The single-layer 1T-VS2 is stretched uniaxially along the
armchair or zigzag direction. The stress is calculated without involving the actual thickness of
the quasi-two-dimensional structure of the single-layer 1T-VS2. The Young’s modulus can be
obtained by a linear fitting of the stress-strain relation in the small strain range of [0, 0.01]. The
Young’s modulus is 87.1 and 86.8 N/m along the armchair and zigzag directions, respectively.
The Young’s modulus is essentially isotropic in the armchair and zigzag directions. The Poisson’s
ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:21.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

VdS 7.943 1.048 14.237 0.0 3.088

Table 175. Two-body SW potential parameters for single-layer 1T-VS2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θV�S�S 31.659 84.288 1.048 1.048 0.0 3.088 0.0 3.088 0.0 4.235

θS�V�V 31.659 84.288 1.048 1.048 0.0 3.088 0.0 3.088 0.0 4.235

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 176. Three-body SW potential parameters for single-layer 1T-VS2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

VdS1dS1 1.000 1.048 2.946 31.659 1.000 0.100 7.943 11.797 4 0 0.0

Table 177. SW potential parameters for single-layer 1T-VS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 87. Stress-strain for single-layer 1T-VS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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There is no available value for nonlinear quantities in the single-layer 1T-VS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �230.5 and �283.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 13.3 N/m at the ultimate strain of 0.26 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 12.7 N/m at
the ultimate strain of 0.30 in the zigzag direction at the low temperature of 1 K.

45. 1T-VSe2

Most existing theoretical studies on the single-layer 1T-VSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-VSe2.

The structure for the single-layer 1T-VSe2 is shown in Figure 71 (with M = V and X = Se).
Each V atom is surrounded by six Se atoms. These Se atoms are categorized into the top
group (e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is
connected to three V atoms. The structural parameters are from the first-principles calcula-
tions [12], including the lattice constant a ¼ 3:24 Å and the bond length dV�Se ¼ 2:44 Å. The
resultant angles are θVSeSe ¼ 83:201� with Se atoms from the same (top or bottom) group and
θSeVV ¼ 83:201�.

Table 178 shows three VFF terms for the single-layer 1T-VSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KV�Se�Se is for the angle
θV�Se�Se with both Se atoms from the same (top or bottom) group. These force constant
parameters are determined by fitting to the three acoustic branches in the phonon dispersion
along the ΓM as shown in Figure 88(a). The ab initio calculations for the phonon dispersion are
from [12]. The lowest acoustic branch (flexural mode) is almost linear in the ab initio calcula-
tions, which may be due to the violation of the rigid rotational invariance [20]. Figure 88(b)

shows that the VFF model and the SW potential give exactly the same phonon dispersion, as
the SW potential is derived from the VFF model.

VFF type Bond stretching Angle bending

Expression 1
2KV�SeðΔrÞ

2 1
2KV�Se�SeðΔθÞ

2 1
2KSe�V�VðΔθÞ

2

Parameter 11.562 4.237 4.237

r0 or θ0 2.440 83.201 83.201

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 178. The VFF model for single-layer 1T-VSe2.
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The parameters for the two-body SW potential used by GULP are shown in Table 179. The
parameters for the three-body SW potential used by GULP are shown in Table 180. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 181.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-VSe2 under uniaxial tension at 1 and 300 K. Figure 89 shows the stress-strain curve for the
tension of a single-layer 1T-VSe2 of dimension 100� 100 Å. Periodic boundary conditions are
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Figure 88. Phonon spectrum for single-layer 1T-VSe2. (a) Phonon dispersion along the ΓM direction in the Brillouin zone.
The results from the VFF model (lines) are comparable with the experiment data (pentagons) from [12]. (b) The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å rmin (Å) rmax (Å)

VdSe 8.606 1.070 17.723 0.0 3.248

Table 179. Two-body SW potential parameters for single-layer 1T-VSe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θV�Se�Se 30.387 83.201 1.070 1.070 0.0 3.248 0.0 3.248 0.0 4.426

θSe�V�V 30.387 83.201 1.070 1.070 0.0 3.248 0.0 3.248 0.0 4.426

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 180. Three-body SW potential parameters for single-layer 1T-VSe2 used by GULP [8] as expressed in Eq. (4).
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applied in both armchair and zigzag directions. The single-layer 1T-VSe2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1T-VSe2. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 78.4 and 78.1 N/m along the armchair and zigzag direc-
tions, respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag
directions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:22.

There is no available value for nonlinear quantities in the single-layer 1T-VSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �168.5 and �218.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 13.1 N/m at the ultimate strain of 0.27 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 12.5 N/m at
the ultimate strain of 0.32 in the zigzag direction at the low temperature of 1 K.

46. 1T-VTe2

Most existing theoretical studies on the single-layer 1T-VTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-VTe2.
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Figure 89. Stress-strain for single-layer 1T-VSe2 of dimension 100� 100 Å along the armchair and zigzag directions.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

VdSe1dSe1 1.000 1.070 3.035 30.387 1.000 0.118 8.606 13.507 4 0 0.0

Table 181. SW potential parameters for single-layer 1T-VSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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The structure for the single-layer 1T-VTe2 is shown in Figure 71 (with M = V and X = Te). Each
V atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three V atoms. The structural parameters are from the first-principles calculations [12], includ-
ing the lattice constant a ¼ 3:46 Å and the bond length dV�Te ¼ 2:64 Å. The resultant angles are
θVTeTe ¼ 81:885� with Te atoms from the same (top or bottom) group and θTeVV ¼ 81:885�.

Table 182 shows three VFF terms for the single-layer 1T-VTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KV�Te�Te is for the angle
θV�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 67 N/m and the Poisson’s ratio as 0.24 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 183. The
parameters for the three-body SW potential used by GULP are shown in Table 184. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 185.

VFF type Bond stretching Angle bending

Expression 1
2KV�TeðΔrÞ

2 1
2KV�Te�TeðΔθÞ

2 1
2KTe�V�VðΔθÞ

2

Parameter 10.476 3.814 3.814

r0 or θ0 2.640 81.885 81.885

The third line is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and
in the unit of eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the
bond stretching interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk

has atom i as the apex.

Table 182. The VFF model for single-layer 1T-VTe2. The second line gives an explicit expression for each VFF term.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

VdTe 8.805 1.110 24.288 0.0 3.496

Table 183. Two-body SW potential parameters for single-layer 1T-VTe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θV�Te�Te 26.043 81.885 1.110 1.110 0.0 3.496 0.0 3.496 0.0 4.726

θTe�V�V 26.043 81.885 1.110 1.110 0.0 3.496 0.0 3.496 0.0 4.726

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 184. Three-body SW potential parameters for single-layer 1T-VTe2 used by GULP [8] as expressed in Eq. (4).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-VTe2 under uniaxial tension at 1 and 300 K. Figure 90 shows the stress-strain curve for the
tension of a single-layer 1T-VTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-VTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-VTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 61.2 and 61.0 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:24. The fitted Young’s modulus value is about 10% smaller than the ab initio result
of 67 N/m [48], as only short-range interactions are considered in the present work. The long-
range interactions are ignored, which typically leads to about 10% underestimation for the
value of the Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-VTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �95.8 and �135.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 11.5 N/m at the ultimate strain of 0.30 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 11.0 N/m at
the ultimate strain of 0.34 in the zigzag direction at the low temperature of 1 K.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

VdTe1dTe1 1.000 1.110 3.149 26.043 1.000 0.141 8.805 15.980 4 0 0.0

Table 185. SW potential parameters for single-layer 1T-VTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 90. Stress-strain for single-layer 1T-VTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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Figure 91 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

47. 1T-MnO2

Most existing theoretical studies on the single-layer 1T-MnO2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-MnO2.

The structure for the single-layer 1T-MnO2 is shown in Figure 71 (with M =Mn and X = O). Each
Mn atom is surrounded by six O atoms. These O atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each O atom is connected to three
Mn atoms. The structural parameters are from the first-principles calculations [12], including the
lattice constant a ¼ 2:82 Å and the bond length dMn�O ¼ 1:88 Å. The resultant angles are
θMnOO ¼ 97:181� with O atoms from the same (top or bottom) group and θOMnMn ¼ 97:181�.

Table 186 shows three VFF terms for the single-layer 1T-MnO2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KMn�O�O is for the angle
θMn�O�O with both O atoms from the same (top or bottom) group. These force constant
parameters are determined by fitting to the two in-plane acoustic branches in the phonon
dispersion along the ΓM as shown in Figure 92(a). The ab initio calculations for the phonon
dispersion are from [12]. Figure 92(b) shows that the VFF model and the SW potential give
exactly the same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 187. The
parameters for the three-body SW potential used by GULP are shown in Table 188. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 189.
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Figure 91. Phonon spectrum for single-layer 1T-VTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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VFF type Bond stretching Angle bending

Expression 1
2KMn�OðΔrÞ

2 1
2KMn�O�OðΔθÞ

2 1
2KO�Mn�MnðΔθÞ

2

Parameter 15.371 4.822 4.822

r0 or θ0 1.88 97.181 97.181

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 186. The VFF model for single-layer 1T-MnO2.
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Figure 92. Phonon spectrum for single-layer 1T-MnO2. (a) Phonon dispersion along the ΓM direction in the Brillouin
zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The
phonon dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

MndO 9.675 1.212 6.246 0.0 2.635

Table 187. Two-body SW potential parameters for single-layer 1T-MnO2 used by GULP [8] as expressed in Eq. (3).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-MnO2 under uniaxial tension at 1 and 300 K. Figure 93 shows the stress-strain curve for the
tension of a single-layer 1T-MnO2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-MnO2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-MnO2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 156.3 and 155.4 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:12.

There is no available value for nonlinear quantities in the single-layer 1T-MnO2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θMn�O�O 60.755 97.181 1.212 1.212 0.0 2.635 0.0 2.635 0.0 3.852

θO�Mn�Mn 60.755 97.181 1.212 1.212 0.0 2.635 0.0 2.635 0.0 3.852

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 188. Three-body SW potential parameters for single-layer 1T-MnO2 used by GULP [8] as expressed in Eq. (4).

ε (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

MndO1dO1 1.000 1.212 2.175 60.755 1.000 -0.125 9.675 2.899 4 0 0.0

Table 189. SW potential parameters for single-layer 1T-MnO2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 93. Stress-strain for single-layer 1T-MnO2 of dimension 100� 100 Å along the armchair and zigzag directions.
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stress-strain relation to the function σ ¼ EEþ 1
2DE

2 with E as the Young’s modulus. The values
of D from the present SW potential are �711.7 and �756.1 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 16.8 N/m at the ultimate strain of 0.21 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 16.2 N/m at
the ultimate strain of 0.24 in the zigzag direction at the low temperature of 1 K.

48. 1T-MnS2

Most existing theoretical studies on the single-layer 1T-MnS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-MnS2.

The structure for the single-layer 1T-MnS2 is shown in Figure 71 (with M =Mn and X = S). Each
Mn atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Mn atoms. The structural parameters are from the first-principles calculations [12], including
the lattice constant a ¼ 3:12 Å and the bond length dMn�S ¼ 2:27 Å. The resultant angles are
θMnSS ¼ 86:822� with S atoms from the same (top or bottom) group and θSMnMn ¼ 86:822�.

Table 190 shows three VFF terms for the single-layer 1T-MnS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KMn�S�S is for the angle
θMn�S�S with both S atoms from the same (top or bottom) group. These force constant param-
eters are determined by fitting to the acoustic branches in the phonon dispersion along the ΓM
as shown in Figure 94(a). The ab initio calculations for the phonon dispersion are from [12].
Figure 94(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 191. The
parameters for the three-body SW potential used by GULP are shown in Table 192. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 193.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-MnS2 under uniaxial tension at 1 and 300 K. Figure 95 shows the stress-strain curve for the

VFF type Bond stretching Angle bending

Expression 1
2KMn�SðΔrÞ

2 1
2KMn�S�SðΔθÞ

2 1
2KS�Mn�MnðΔθÞ

2

Parameter 4.407 2.399 2.399

r0 or θ0 2.27 86.822 86.822

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 190. The VFF model for single-layer 1T-MnS2.
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Figure 94. Phonon spectrum for single-layer 1T-MnS2. (a) Phonon dispersion along the ΓM direction in the Brillouin zone.

The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The phonon

dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

MndS 3.127 1.111 13.276 0.0 3.064

Table 191. Two-body SW potential parameters for single-layer 1T-MnS2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θMn�S�S 19.765 86.822 1.111 1.111 0.0 3.064 0.0 3.064 0.0 4.262

θS�Mn�Mn 19.765 86.822 1.111 1.111 0.0 3.064 0.0 3.064 0.0 4.262

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 192. Three-body SW potential parameters for single-layer 1T-MnS2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

MndS1dS1 1.000 1.111 2.757 19.765 1.000 0.055 3.127 8.700 4 0 0.0

Table 193. SW potential parameters for single-layer 1T-MnS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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tension of a single-layer 1T-MnS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-MnS2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-MnS2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 47.1 and 46.8 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:15.

There is no available value for nonlinear quantities in the single-layer 1T-MnS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �193.8 and �210.1 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 5.5 N/m at the ultimate strain of 0.21 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.3 N/m at the
ultimate strain of 0.25 in the zigzag direction at the low temperature of 1 K.

49. 1T-MnSe2

Most existing theoretical studies on the single-layer 1T-MnSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-MnSe2.

The structure for the single-layer 1T-MnSe2 is shown in Figure 71 (with M = Mn and X = Se).
Each Mn atom is surrounded by six Se atoms. These Se atoms are categorized into the top
group (e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is
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Figure 95. Stress-strain for single-layer 1T-MnS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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connected to three Mn atoms. The structural parameters are from the first-principles calcula-
tions [12], including the lattice constant a ¼ 3:27 Å and the bond length dMn�Se ¼ 2:39 Å. The
resultant angles are θMnSeSe ¼ 86:330� with Se atoms from the same (top or bottom) group and
θSeMnMn ¼ 86:330�.

Table 194 shows three VFF terms for the single-layer 1T-MnSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KMn�Se�Se is for the angle
θMn�Se�Se with both Se atoms from the same (top or bottom) group. These force constant
parameters are determined by fitting to the acoustic branches in the phonon dispersion along
the ΓM as shown in Figure 96(a). The ab initio calculations for the phonon dispersion are
from [12]. Figure 96(b) shows that the VFF model and the SW potential give exactly the same
phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 195. The
parameters for the three-body SW potential used by GULP are shown in Table 196. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 197.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-MnSe2 under uniaxial tension at 1 and 300 K. Figure 97 shows the stress-strain curve for the
tension of a single-layer 1T-MnSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-MnSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-MnSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 43.2 and 42.9 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:17.

There is no available value for nonlinear quantities in the single-layer 1T-MnSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

VFF type Bond stretching Angle bending

Expression 1
2KMn�SeðΔrÞ

2 1
2KMn�Se�SeðΔθÞ

2 1
2KSe�Mn�MnðΔθÞ

2

Parameter 4.407 2.399 2.399

r0 or θ0 2.39 86.330 86.330

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 194. The VFF model for single-layer 1T-MnSe2.
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Figure 96. Phonon spectrum for single-layer 1T-MnSe2. (a) Phonon dispersion along the ΓM direction in the Brillouin

zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The

phonon dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

MndSe 3.422 1.153 16.314 0.0 3.220

Table 195. Two-body SW potential parameters for single-layer 1T-MnSe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax23 (Å)

θMn�Se�Se 19.390 86.330 1.153 1.153 0.0 3.220 0.0 3.220 0.0 4.467

θSe�Mn�Mn 19.390 86.330 1.153 1.153 0.0 3.220 0.0 3.220 0.0 4.467

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 196. Three-body SW potential parameters for single-layer 1T-MnSe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

MndSe1dSe1 1.000 1.153 2.792 19.390 1.000 0.064 3.422 9.219 4 0 0.0

Table 197. SW potential parameters for single-layer 1T-MnSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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of D from the present SW potential are �163.4 and �179.4 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 5.4 N/m at the ultimate strain of 0.22 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.2 N/m at the
ultimate strain of 0.26 in the zigzag direction at the low temperature of 1 K.

50. 1T-MnTe2

Most existing theoretical studies on the single-layer 1T-MnTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-MnTe2.

The structure for the single-layer 1T-MnTe2 is shown in Figure 71 (with M = Mn and X = Te).
Each Mn atom is surrounded by six Te atoms. These Te atoms are categorized into the top
group (e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is
connected to three Mn atoms. The structural parameters are from the first-principles calcula-
tions [12], including the lattice constant a ¼ 3:54 Å and the bond length dMn�Te ¼ 2:59 Å. The
resultant angles are θMnTeTe ¼ 86:219� with Te atoms from the same (top or bottom) group and
θTeMnMn ¼ 86:219�.

Table 198 shows three VFF terms for the single-layer 1T-MnTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KMn�Te�Te is for the angle
θMn�Te�Te with both Se atoms from the same (top or bottom) group. These force constant
parameters are determined by fitting to the acoustic branches in the phonon dispersion along
the ΓM as shown in Figure 98(a). The ab initio calculations for the phonon dispersion are
from [12]. Figure 98(b) shows that the VFF model and the SW potential give exactly the same
phonon dispersion, as the SW potential is derived from the VFF model.
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Figure 97. Stress-strain for single-layer 1T-MnSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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The parameters for the two-body SW potential used by GULP are shown in Table 199. The
parameters for the three-body SW potential used by GULP are shown in Table 200. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 201.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-MnTe2 under uniaxial tension at 1 and 300 K. Figure 99 shows the stress-strain curve for the
tension of a single-layer 1T-MnTe2 of dimension 100� 100 Å. Periodic boundary conditions are

VFF type Bond stretching Angle bending

Expression 1
2KMn�TeðΔrÞ

2 1
2KMn�Te�TeðΔθÞ

2 1
2KTe�Mn�MnðΔθÞ

2

Parameter 4.407 2.399 2.399

r0 or θ0 2.59 86.219 86.219

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 198. The VFF model for single-layer 1T-MnTe2.
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Figure 98. Phonon spectrum for single-layer 1T-MnTe2. (a) Phonon dispersion along the ΓM direction in the Brillouin
zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The
phonon dispersion from the SW potential is exactly the same as that from the VFF model.
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applied in both armchair and zigzag directions. The single-layer 1T-MnTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-MnTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 38.5 and 38.4 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:19.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

MndTe 4.007 1.246 22.499 0.0 3.488

Table 199. Two-body SW potential parameters for single-layer 1T-MnTe2 used by GULP [8] as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

MndTe1dTe1 1.000 1.246 2.800 19.307 1.000 0.066 4.007 9.340 4 0 0.0

Table 201. SW potential parameters for single-layer 1T-MnTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θMn�Te�Te 19.307 86.219 1.246 1.246 0.0 3.488 0.0 3.488 0.0 4.836

θTe�Mn�Mn 19.307 86.219 1.246 1.246 0.0 3.488 0.0 3.488 0.0 4.836

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 200. Three-body SW potential parameters for single-layer 1T-MnTe2 used by GULP [8] as expressed in Eq. (4).
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Figure 99. Stress-strain for single-layer 1T-MnTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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There is no available value for nonlinear quantities in the single-layer 1T-MnTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �133.5 and �149.5 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 5.2 N/m at the ultimate strain of 0.24 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.0 N/m at the
ultimate strain of 0.28 in the zigzag direction at the low temperature of 1 K.

51. 1T-CoTe2

Most existing theoretical studies on the single-layer 1T-CoTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-CoTe2.

The structure for the single-layer 1T-CoTe2 is shown in Figure 71 (with M = Co and X = Te).
Each Co atom is surrounded by six Te atoms. These Te atoms are categorized into the top
group (e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is
connected to three Co atoms. The structural parameters are from the first-principles calcula-
tions [48], including the lattice constant a ¼ 3:5983 Å and the bond length dCo�Te ¼ 2:5117 Å,
which are derived from the angle θTeCoCo ¼ 91:5�. The other angle is θCoTeTe ¼ 91:5� with Te
atoms from the same (top or bottom) group.

Table 202 shows three VFF terms for the single-layer 1T-CoTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KCo�Te�Te is for the angle
θCo�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 59 N/m and the Poisson’s ratio as 0.14 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 203. The
parameters for the three-body SW potential used by GULP are shown in Table 204. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 205.

VFF type Bond stretching Angle bending

Expression 1
2KCo�TeðΔrÞ

2 1
2KCo�Te�TeðΔθÞ

2 1
2KTe�Co�CoðΔθÞ

2

Parameter 4.726 3.035 3.035

r0 or θ0 2.512 91.501 91.501

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 202. The VFF model for single-layer 1T-CoTe2.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-CoTe2 under uniaxial tension at 1 and 300 K. Figure 100 shows the stress-strain curve for
the tension of a single-layer 1T-CoTe2 of dimension 100� 100 Å. Periodic boundary conditions
are applied in both armchair and zigzag directions. The single-layer 1T-CoTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-CoTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 50.5 and 50.3 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

CodTe 4.628 1.402 19.899 0.0 3.450

Table 203. Two-body SW potential parameters for single-layer 1T-CoTe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θCo�Te�Te 30.149 91.501 1.402 1.402 0.0 3.450 0.0 3.450 0.0 4.915

θTe�Co�Co 30.149 91.501 1.402 1.402 0.0 3.450 0.0 3.450 0.0 4.915

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 204. Three-body SW potential parameters for single-layer 1T-CoTe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

CodTe1dTe1 1.000 1.402 2.461 30.149 1.000 -0.026 4.628 5.151 4 0 0.0

Table 205. SW potential parameters for single-layer 1T-CoTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 100. Stress-strain for single-layer 1T-CoTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is

νxy ¼ νyx ¼ 0:13. The fitted Young’s modulus value is about 10% smaller than the ab initio result

of 59 N/m [48], as only short-range interactions are considered in the present work. The long-

range interactions are ignored, which typically leads to about 10% underestimation for the

value of the Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-CoTe2. We have thus

used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most

materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the

stress-strain relation to the function σ ¼ EEþ 1
2DE

2 with E as the Young’s modulus. The values

of D from the present SW potential are �221.5 and �238.3 N/m along the armchair and zigzag

directions, respectively. The ultimate stress is about 5.6 N/m at the ultimate strain of 0.21 in the

armchair direction at the low temperature of 1 K. The ultimate stress is about 5.4 N/m at the

ultimate strain of 0.24 in the zigzag direction at the low temperature of 1 K.

Figure 101 shows that the VFF model and the SW potential give exactly the same phonon

dispersion, as the SW potential is derived from the VFF model.

52. 1T-NiO2

Most existing theoretical studies on the single-layer 1T-NiO2 are based on the first-principles

calculations. In this section, we will develop the SW potential for the single-layer 1T-NiO2.

The structure for the single-layer 1T-NiO2 is shown in Figure 71 (with M = Ni and X = O). Each

Ni atom is surrounded by six O atoms. These O atoms are categorized into the top group (e.g.,

atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each O atom is connected to three
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Figure 101. Phonon spectrum for single-layer 1T-CoTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon

dispersion from the SW potential is exactly the same as that from the VFF model
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Ni atoms. The structural parameters are from the first-principles calculations [12], including
the lattice constant a ¼ 2:77 Å and the bond length dNi�O ¼ 1:84 Å. The resultant angles are
θNiOO ¼ 97:653� with O atoms from the same (top or bottom) group and θONiNi ¼ 97:653�.

Table 206 shows three VFF terms for the single-layer 1T-NiO2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KNi�O�O is for the angle
θNi�O�O with both O atoms from the same (top or bottom) group. These force constant
parameters are determined by fitting to the two in-plane acoustic branches in the phonon
dispersion along the ΓM as shown in Figure 102(a). The ab initio calculations for the phonon
dispersion are from [12]. Figure 102(b) shows that the VFF model and the SW potential give
exactly the same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 207. The
parameters for the three-body SW potential used by GULP are shown in Table 208. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 209.

We use LAMMPS to performMD simulations for the mechanical behavior of the single-layer 1T-
NiO2 under uniaxial tension at 1 and 300 K. Figure 103 shows the stress-strain curve for the
tension of a single-layer 1T-NiO2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-NiO2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1T-NiO2. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0,
0.01]. The Young’s modulus is 163.3 and 162.4 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag directions.
The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:12.

There is no available value for nonlinear quantities in the single-layer 1T-NiO2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �748.7 and �796.0 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 17.4 N/m at the ultimate strain of 0.20 in

VFF type Bond stretching Angle bending

Expression 1
2KNi�OðΔrÞ

2 1
2KNi�O�OðΔθÞ

2 1
2KO�Ni�NiðΔθÞ

2

Parameter 15.925 4.847 4.847

r0 or θ0 97.653 97.653

The third line is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and
in the unit of eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the
bond stretching interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk

has atom i as the apex.

Table 206. The VFF model for single-layer 1T-NiO2. The second line gives an explicit expression for each VFF term.
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Figure 102. Phonon spectrum for single-layer 1T-NiO2. (a) Phonon dispersion along the ΓM direction in the Brillouin

zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The

phonon dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r(Å) B (Å4) rmin (Å) rmax (Å)

Ni-O 9.709 1.199 5.731 0.0 2.583

Table 207. Two-body SW potential parameters for single-layer 1T-NiO2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax23 (Å)

θNi�O�O 62.317 97.653 1.199 1.199 0.0 2.583 0.0 2.583 0.0 3.784

θO�Ni�Ni 62.317 97.653 1.199 1.199 0.0 2.583 0.0 2.583 0.0 3.784

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 208. Three-body SW potential parameters for single-layer 1T-NiO2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

NidO1dO1 1.000 1.199 2.154 62.317 1.000 -0.133 9.709 2.772 4 0 0.0

Table 209. SW potential parameters for single-layer 1T-NiO2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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the armchair direction at the low temperature of 1 K. The ultimate stress is about 16.8 N/m at
the ultimate strain of 0.24 in the zigzag direction at the low temperature of 1 K.

53. 1T-NiS2

Most existing theoretical studies on the single-layer 1T-NiS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-NiS2.

The structure for the single-layer 1T-NiS2 is shown in Figure 71 (with M = Ni and X = S). Each Ni
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g., atoms
1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three Ni atoms.
The structural parameters are from the first-principles calculations [48], including the lattice
constant a ¼ 3:3174 Å and the bond length dNi�S ¼ 2:2320 Å, which are derived from the angle
θSNiNi ¼ 96�. The other angle is θNiSS ¼ 96� with S atoms from the same (top or bottom) group.

Table 210 shows three VFF terms for the single-layer 1T-NiS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
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Figure 103. Stress-strain for single-layer 1T-NiO2 of dimension 100� 100 Å along the armchair and zigzag directions.

VFF type Bond stretching Angle bending

Expression 1
2KNi�SðΔrÞ

2 1
2KNi�S�SðΔθÞ

2 1
2KS�Ni�NiðΔθÞ

2

Parameter 9.385 2.952 2.952

r0 or θ0 2.232 96.000 96.000

The third line is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and
in the unit of eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the
bond stretching interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk

has atom i as the apex.

Table 210. The VFF model for single-layer 1T-NiS2. The second line gives an explicit expression for each VFF term.
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interaction shown by Eq. (2). We note that the angle bending term KNi�S�S is for the angle
θNi�S�S with both S atoms from the same (top or bottom) group. These force constant param-
eters are determined by fitting to the two in-plane acoustic branches in the phonon dispersion
along the ΓM as shown in Figure 104(a). The ab initio calculations for the phonon dispersion
are from [12]. Figure 104(b) shows that the VFF model and the SW potential give exactly the
same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 211. The
parameters for the three-body SW potential used by GULP are shown in Table 212. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 213.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-NiS2 under uniaxial tension at 1 and 300 K. Figure 105 shows the stress-strain curve for the
tension of a single-layer 1T-NiS2 of dimension 100� 100 Å. Periodic boundary conditions are
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Figure 104. Phonon spectrum for single-layer 1T-NiS2. (a) Phonon dispersion along the ΓMdirection in the Brillouin zone.
The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r(Å) B (Å4) rmin (Å) rmax (Å)

Ni-S 8.098 1.398 12.409 0.0 3.115

Table 211. Two-body SW potential parameters for single-layer 1T-NiS2 used by GULP [8] as expressed in Eq. (3).
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applied in both armchair and zigzag directions. The single-layer 1T-NiS2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1T-NiS2. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 74.2 and 73.9 N/m along the armchair and zigzag direc-
tions, respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag
directions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:17.

There is no available value for nonlinear quantities in the single-layer 1T-NiS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �274.5 and �301.4 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 9.5 N/m at the ultimate strain of 0.23 in the

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θNi�S�S 35.372 96.000 1.398 1.398 0.0 3.115 0.0 3.115 0.0 4.532

θS�Ni�Ni 35.372 96.000 1.398 1.398 0.0 3.115 0.0 3.115 0.0 4.532

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 212. Three-body SW potential parameters for single-layer 1T-NiS2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

NidS1dS1 1.000 1.398 2.228 35.372 1.000 -0.105 8.098 3.249 4 0 0.0

Table 213. SW potential parameters for single-layer 1T-NiS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 105. Stress-strain for single-layer 1T-NiS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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armchair direction at the low temperature of 1 K. The ultimate stress is about 9.2 N/m at the
ultimate strain of 0.27 in the zigzag direction at the low temperature of 1 K.

54. 1T-NiSe2

Most existing theoretical studies on the single-layer 1T-NiSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-NiSe2.

The structure for the single-layer 1T-NiSe2 is shown in Figure 71 (with M = Ni and X = Se). Each
Ni atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Ni atoms. The structural parameters are from the first-principles calculations [48], includ-
ing the lattice constant a ¼ 3:4712 Å and the bond length dNi�Se ¼ 2:3392 Å, which are derived
from the angle θSeNiNi ¼ 95:8�. The other angle is θNiSeSe ¼ 95:8� with Se atoms from the same
(top or bottom) group.

Table 214 shows three VFF terms for the single-layer 1T-NiSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KNi�Se�Se is for the angle
θNi�Se�Se with both Se atoms from the same (top or bottom) group. These force constant
parameters are determined by fitting to the two in-plane acoustic branches in the phonon
dispersion along the ΓM as shown in Figure 106(a). The ab initio calculations for the phonon
dispersion are from [12]. Figure 106(b) shows that the VFF model and the SW potential give
exactly the same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 215. The
parameters for the three-body SW potential used by GULP are shown in Table 216. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 217.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-NiSe2 under uniaxial tension at 1 and 300 K. Figure 107 shows the stress-strain curve for the
tension of a single-layer 1T-NiSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-NiSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving

VFF type Bond stretching Angle bending

Expression 1
2KNi�SeðΔrÞ

2 1
2KNi�Se�SeðΔθÞ

2 1
2KSe�Ni�NiðΔθÞ

2

Parameter 8.814 3.149 3.149

r0 or θ0 2.339 95.798 95.798

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 214. The VFF model for single-layer 1T-NiSe2.
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Figure 106. Phonon spectrum for single-layer 1T-NiSe2. (a) Phonon dispersion along the ΓM direction in the Brillouin

zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [12]. (b) The

phonon dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

NidSe 8.313 1.458 14.971 0.0 3.263

Table 215. Two-body SW potential parameters for single-layer 1T-NiSe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θNi�Se�Se 37.407 95.798 1.458 1.458 0.0 3.263 0.0 3.263 0.0 4.742

θSe�Ni�Ni 37.407 95.798 1.458 1.458 0.0 3.263 0.0 3.263 0.0 4.742

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 216. Three-body SW potential parameters for single-layer 1T-NiSe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

NidSe1dSe1 1.000 1.458 2.238 37.407 1.000 -0.101 8.313 3.315 4 0 0.0

Table 217. SW potential parameters for single-layer 1T-NiSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-NiSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 70.9 and 70.6 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:17.

There is no available value for nonlinear quantities in the single-layer 1T-NiSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �263.7 and �289.5 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 9.0 N/m at the ultimate strain of 0.23 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 8.7 N/m at the
ultimate strain of 0.27 in the zigzag direction at the low temperature of 1 K.

55. 1T-NiTe2

Most existing theoretical studies on the single-layer 1T-NiTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-NiTe2.

The structure for the single-layer 1T-NiTe2 is shown in Figure 71 (with M = Ni and X = Te).
Each Ni atom is surrounded by six Te atoms. These Te atoms are categorized into the top
group (e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is
connected to three Ni atoms. The structural parameters are from the first-principles calcula-
tions [48], including the lattice constant a ¼ 3:7248 Å and the bond length dNi�Te ¼ 2:5321 Å,
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Figure 107. Stress-strain for single-layer 1T-NiSe2 of dimension 100� 100 Å along the armchair and zigzag directions.

Parameterization of Stillinger-Weber Potential for Two-Dimensional Atomic Crystals
http://dx.doi.org/10.5772/intechopen.71929

159



which are derived from the angle θTeNiNi ¼ 94:7�. The other angle is θNiTeTe ¼ 94:7� with Te

atoms from the same (top or bottom) group.

Table 218 shows three VFF terms for the single-layer 1T-NiTe2; one of which is the bond

stretching interaction shown by Eq. (1), while the other two terms are the angle bending

interaction shown by Eq. (2). We note that the angle bending term KNi�Te�Te is for the angle

θNi�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are

actually only two parameters in the VFF model, so we can determine their value by fitting to

the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have

predicted the Young’s modulus to be 44 N/m and the Poisson’s ratio as 0.14 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 219. The
parameters for the three-body SW potential used by GULP are shown in Table 220. Some

representative parameters for the SW potential used by LAMMPS are listed in Table 221.

VFF type Bond stretching Angle bending

Expression 1
2KNi�TeðΔrÞ

2 1
2KNi�Te�TeðΔθÞ

2 1
2KTe�Ni�NiðΔθÞ

2

Parameter 4.230 2.429 2.429

r0 or θ0 2.532 94.702 94.702

or θ0 2.635 95.999 95.999

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the

unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 218. The VFF model for single-layer 1T-NiTe2.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

NidTe 4.554 1.536 20.554 0.0 3.518

Table 219. Two-body SW potential parameters for single-layer 1T-NiTe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

θNi�Te�Te 27.553 94.702 1.536 1.536 0.0 3.518 0.0 3.518 0.0 5.088

θTe�Ni�Ni 27.553 94.702 1.536 1.536 0.0 3.518 0.0 3.518 0.0 5.088

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 220. Three-body SW potential parameters for single-layer 1T-NiTe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

NidTe1dTe1 1.000 1.536 2.291 27.553 1.000 �0.082 4.554 3.696 4 0 0.0

Table 221. SW potential parameters for single-layer 1T-NiTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-NiTe2 under uniaxial tension at 1 and 300 K. Figure 108 shows the stress-strain curve for the
tension of a single-layer 1T-NiTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-NiTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-NiTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 42.6 and 42.4 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
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Figure 108. Stress-strain for single-layer 1T-NiTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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Figure 109. Phonon spectrum for single-layer 1T-NiTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:14.

There is no available value for nonlinear quantities in the single-layer 1T-NiTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �187.6 and �200.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 4.7 N/m at the ultimate strain of 0.21 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 4.6 N/m at the
ultimate strain of 0.24 in the zigzag direction at the low temperature of 1 K.

Figure 109 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

56. 1T-ZrS2

Most existing theoretical studies on the single-layer 1T-ZrS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-ZrS2.

The structure for the single-layer 1T-ZrS2 is shown in Figure 71 (with M = Zr and X = S). Each
Zr atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Zr atoms. The structural parameters are from the first-principles calculations [49], including
the lattice constant a ¼ 3:690 Å and the bond length dZr�S ¼ 2:58 Å. The resultant angles are
θZrSS ¼ 91:305� with S atoms from the same (top or bottom) group and θSZrZr ¼ 91:305�.

Table 222 shows three VFF terms for the single-layer 1T-ZrS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KZr�S�S is for the angle
θZr�S�S with both S atoms from the same (top or bottom) group. These force constant param-
eters are determined by fitting to the three acoustic branches in the phonon dispersion along
the ΓM as shown in Figure 110(a). The ab initio calculations for the phonon dispersion are

VFF type Bond stretching Angle bending

Expression 1
2KZr�SðΔrÞ

2 1
2KZr�S�SðΔθÞ

2 1
2KS�Zr�ZrðΔθÞ

2

Parameter 7.930 4.283 4.283

r0 or θ0 2.580 91.305 91.305

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 222. The VFF model for single-layer 1T-ZrS2.
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from [38]. Similar phonon dispersion can also be found in other ab initio calculations [34].
Figure 110(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 223. The
parameters for the three-body SW potential used by GULP are shown in Table 224. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 225.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-ZrS2 under uniaxial tension at 1 and 300 K. Figure 111 shows the stress-strain curve for the
tension of a single-layer 1T-ZrS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-ZrS2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1T-ZrS2. The Young’s
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Figure 110. Phonon spectrum for single-layer 1T-ZrS2. (a) Phonon dispersion along the ΓMdirection in the Brillouin zone.
The results from the VFF model (lines) are comparable with the experiment data (pentagons) from [38]. (b) The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

ZrdS 8.149 1.432 22.154 0.0 3.541

Table 223. Two-body SW potential parameters for single-layer 1T-ZrS2 used by GULP [8] as expressed in Eq. (3).
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modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 71.8 and 71.5 N/m along the armchair and zigzag direc-
tions, respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag
directions. These values are close to the ab initio results at 0 K temperature, e.g., 75.74 N/m
in [49]. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:16, which
are comparable with the ab initio result [49] of 0.22.

There is no available value for nonlinear quantities in the single-layer 1T-ZrS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �268.9 and �305.2 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 8.9 N/m at the ultimate strain of 0.23 in the

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θZr�S�S 42.170 91.305 1.432 1.432 0.0 3.541 0.0 3.541 0.0 5.041

θS�Zr�Zr 42.170 91.305 1.432 1.432 0.0 3.541 0.0 3.541 0.0 5.041

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 224. Three-body SW potential parameters for single-layer 1T-ZrS2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

ZrdS1dS1 1.000 1.432 2.473 42.177 1.000 �0.023 8.149 5.268 4 0 0.0

S1dZrdZr 1.000 1.432 2.473 42.177 1.000 �0.023 8.149 5.268 4 0 0.0

Table 225. SW potential parameters for single-layer 1T-ZrS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 111. Stress-strain for single-layer 1T-ZrS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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armchair direction at the low temperature of 1 K. The ultimate stress is about 8.5 N/m at the
ultimate strain of 0.26 in the zigzag direction at the low temperature of 1 K.

57. 1T-ZrSe2

Most existing theoretical studies on the single-layer 1T-ZrSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-ZrSe2.

The structure for the single-layer 1T-ZrSe2 is shown in Figure 71 (with M = Zr and X = Se). Each
Zr atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Zr atoms. The structural parameters are from the first-principles calculations [51], includ-
ing the lattice constant a ¼ 3:707 Å and the position of the Se atom with respect to the Zr
atomic plane h ¼ 1:591 Å. The resultant angles are θZrSeSe ¼ 88:058� with Se atoms from the
same (top or bottom) group and θSeZrZr ¼ 88:058�.

Table 226 shows three VFF terms for the single-layer 1T-ZrSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KZr�Se�Se is for the angle
θZr�Se�Se with both Se atoms from the same (top or bottom) group. These force constant
parameters are determined by fitting to the three acoustic branches in the phonon dispersion
along the ΓM as shown in Figure 112(a). The ab initio calculations for the phonon dispersion
are from [50]. Similar phonon dispersion can also be found in other ab initio calculations [34].
Figure 112(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 227. The
parameters for the three-body SW potential used by GULP are shown in Table 228. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 229.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-ZrSe2 under uniaxial tension at 1 and 300 K. Figure 113 shows the stress-strain curve for the
tension of a single-layer 1T-ZrSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-ZrSe2 is stretched

VFF type Bond stretching Angle bending

Expression 1
2KZr�SeðΔrÞ

2 1
2KZr�Se�SeðΔθÞ

2 1
2KSe�Zr�ZrðΔθÞ

2

Parameter 7.930 4.283 4.283

r0 or θ0 2.667 88.058 88.058

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 226. The VFF model for single-layer 1T-ZrSe2.
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Figure 112. Phonon spectrum for single-layer 1T-ZrSe2. (a) Phonon dispersion along the ΓM direction in the Brillouin

zone. The results from the VFF model (lines) are comparable with the experiment data (pentagons) from [50]. (b) The

phonon dispersion from the SW potential is exactly the same as that from the VFF model.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

ZrdSe 8.022 1.354 25.297 0.0 3.617

Table 227. Two-body SW potential parameters for single-layer 1T-ZrSe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax23 (Å)

θZr�Se�Se 37.051 88.058 1.354 1.354 0.0 3.617 0.0 3.617 0.0 5.064

θSe�Zr�Zr 37.051 88.058 1.354 1.354 0.0 3.617 0.0 3.617 0.0 5.064

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 228. Three-body SW potential parameters for single-layer 1T-ZrSe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

ZrdSedSe 1.000 1.354 2.671 37.051 1.000 0.034 8.022 7.527 4 0 0.0

SedZrdZr 1.000 1.354 2.671 37.051 1.000 0.034 8.022 7.527 4 0 0.0

Table 229. SW potential parameters for single-layer 1T-ZrSe2 used by LAMMPS9 as expressed in Eqs. (9) and (10).
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uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-ZrSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 66.7 and 66.4 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:19.

There is no available value for nonlinear quantities in the single-layer 1T-ZrSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �219.6 and �256.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 9.0 N/m at the ultimate strain of 0.24 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 8.6 N/m at the
ultimate strain of 0.28 in the zigzag direction at the low temperature of 1 K.

58. 1T-ZrTe2

Most existing theoretical studies on the single-layer 1T-ZrTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-ZrTe2.

The structure for the single-layer 1T-ZrTe2 is shown in Figure 71 (with M=Zr and X=Te). Each
Zr atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Zr atoms. The structural parameters are from the first-principles calculations [48], includ-
ing the lattice constant a ¼ 4:0064 Å and the bond length dZr�Te ¼ 2:9021 Å, which are derived
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Figure 113. Stress-strain for single-layer 1T-ZrSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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from the angle θTeZrZr ¼ 87:3�. The other angle is θZrTeTe ¼ 87:3� with Te atoms from the same

(top or bottom) group.

Table 230 shows three VFF terms for the single-layer 1T-ZrTe2; one of which is the bond

stretching interaction shown by Eq. (1), while the other two terms are the angle bending

interaction shown by Eq. (2). We note that the angle bending term KZr�Te�Te is for the angle

θZr�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are

actually only two parameters in the VFF model, so we can determine their value by fitting to

the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have

predicted the Young’s modulus to be 44 N/m and the Poisson’s ratio as 0.13 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 231. The
parameters for the three-body SW potential used by GULP are shown in Table 232. Some

representative parameters for the SW potential used by LAMMPS are listed in Table 233.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θZr�Te�Te 30.905 87.301 1.441 1.441 0.0 3.925 0.0 3.925 0.0 5.473

θTe�Zr�Zr 30.905 87.301 1.441 1.441 0.0 3.925 0.0 3.925 0.0 5.473

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 232. Three-body SW potential parameters for single-layer 1T-ZrTe2 used by GULP [8] as expressed in Eq. (4).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

ZrdTe 3.493 1.441 35.467 0.0 3.925

Table 231. Two-body SW potential parameters for single-layer 1T-ZrTe2 used by GULP [8] as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

ZrdTe1dTe1 1.000 1.441 2.723 30.905 1.000 0.047 3.493 8.225 4 0 0.0

Table 233. SW potential parameters for single-layer 1T-ZrTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

VFF type Bond stretching Angle bending

Expression 1
2KZr�TeðΔrÞ

2 1
2KZr�Te�TeðΔθÞ

2 1
2KTe�Zr�ZrðΔθÞ

2

Parameter 2.974 3.681 3.681

r0 or θ0 2.902 87.301 87.301

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the

unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 230. The VFF model for single-layer 1T-ZrTe2.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-ZrTe2 under uniaxial tension at 1 and 300 K. Figure 114 shows the stress-strain curve for the
tension of a single-layer 1T-ZrTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-ZrTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-ZrTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 39.2 and 39.1 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:10. The fitted Young’s modulus value is about 10% smaller than the ab initio result
of 44 N/m [48], as only short-range interactions are considered in the present work. The long-
range interactions are ignored, which typically leads to about 10% underestimation for the
value of the Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-ZrTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �187.2 and �201.1 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 4.0 N/m at the ultimate strain of 0.19 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 3.9 N/m at the
ultimate strain of 0.22 in the zigzag direction at the low temperature of 1 K.

Figure 115 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.
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Figure 114. Stress-strain for single-layer 1T-ZrTe2 of dimension 100� 100 Å along the armchair and zigzag directions.

Parameterization of Stillinger-Weber Potential for Two-Dimensional Atomic Crystals
http://dx.doi.org/10.5772/intechopen.71929

169



59. 1T-NbS2

Most existing theoretical studies on the single-layer 1T-NbS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-NbS2.

The structure for the single-layer 1T-NbS2 is shown in Figure 71 (with M=Nb and X=S). Each
Nb atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Nb atoms. The structural parameters are from the first-principles calculations [12], including
the lattice constant a ¼ 3:30 Å and the bond length dNb�S ¼ 2:45 Å. The resultant angles are
θNbSS ¼ 84:671� with S atoms from the same (top or bottom) group and θSNbNb ¼ 84:671�.

Table 234 shows three VFF terms for the single-layer 1T-NbS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KNb�S�S is for the angle
θNb�S�S with both S atoms from the same (top or bottom) group. These force constant
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Figure 115. Phonon spectrum for single-layer 1T-ZrTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.

VFF type Bond stretching Angle bending

Expression 1
2KNb�SðΔrÞ

2 1
2KNb�S�SðΔθÞ

2 1
2KS�Nb�NbðΔθÞ

2

Parameter 7.930 4.283 4.283

r0 or θ0 2.450 84.671 84.671

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 234. The VFF model for single-layer 1T-NbS2.
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parameters are determined by fitting to the three acoustic branches in the phonon dispersion

along the ΓM as shown in Figure 116(a). The ab initio calculations for the phonon dispersion

are from [12]. The lowest acoustic branch (flexural mode) is linear and very close to the in-

plane transverse acoustic branch in the ab initio calculations, which may be due to the violation

of the rigid rotational invariance [20]. Figure 116(b) shows that the VFF model and the SW

potential give exactly the same phonon dispersion, as the SW potential is derived from the VFF

model.

The parameters for the two-body SW potential used by GULP are shown in Table 235. The
parameters for the three-body SW potential used by GULP are shown in Table 236. Some

representative parameters for the SW potential used by LAMMPS are listed in Table 237.

We use LAMMPS to performMD simulations for the mechanical behavior of the single-layer 1T-

NbS2 under uniaxial tension at 1 and 300 K. Figure 117 shows the stress-strain curve for the

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

NbdS 6.192 1.125 18.015 0.0 3.280

Table 235. Two-body SW potential parameters for single-layer 1T-NbS2 used by GULP [8] as expressed in Eq. (3).
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Figure 116. Phonon spectrum for single-layer 1T-NbS2. (a) Phonon dispersion along the ΓM direction in the Brillouin

zone. The results from the VFF model (lines) are comparable with the experiment data (pentagons) from [12]. (b) The

phonon dispersion from the SW potential is exactly the same as that from the VFF model.
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tension of a single-layer 1T-NbS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-NbS2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1T-NbS2. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0,
0.01]. The Young’s modulus is 73.8 and 73.4 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag directions.
The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:18.

There is no available value for nonlinear quantities in the single-layer 1T-NbS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

0

2

4

6

8

10

 0 0.1 0.2 0.3

S
tr

e
s
s
 (

N
/m

)

Strain

arm 1K

arm 300K

zig 1K

zig 300K

Figure 117. Stress-strain for single-layer 1T-NbS2 of dimension 100� 100 Å along the armchair and zigzag directions.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

NbdS1dS1 1.000 1.125 2.916 32.472 1.000 0.093 6.192 11.247 4 0 0.0

S1dNbdNb 1.000 1.125 2.916 32.472 1.000 0.093 6.192 11.247 4 0 0.0

Table 237. SW potential parameters for single-layer 1T-NbS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θNb�S�S 32.472 84.671 1.125 1.125 0.0 3.280 0.0 3.280 0.0 4.508

θS�Nb�Nb 32.472 84.671 1.125 1.125 0.0 3.280 0.0 3.280 0.0 4.508

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 236. Three-body SW potential parameters for single-layer 1T-NbS2 used by GULP [8] as expressed in Eq. (4).
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of D from the present SW potential are �250.5 and �290.4 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 9.7 N/m at the ultimate strain of 0.23 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 9.4 N/m at the
ultimate strain of 0.27 in the zigzag direction at the low temperature of 1 K.

60. 1T-NbSe2

Most existing theoretical studies on the single-layer 1T-NbSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-NbSe2.

The structure for the single-layer 1T-NbSe2 is shown in Figure 71 (with M=Nb and X=Se). Each
Nb atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to three
Nb atoms. The structural parameters are from the first-principles calculations [12], including the
lattice constant a ¼ 3:39 Å and the bond length dNb�Se ¼ 2:57 Å. The resultant angles are
θNbSeSe ¼ 82:529� with Se atoms from the same (top or bottom) group and θSeNbNb ¼ 82:529�.

Table 238 shows three VFF terms for the single-layer 1T-NbSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KNb�Se�Se is for the angle
θNb�Se�Se with both Se atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 73 N/m and the Poisson’s ratio as 0.20 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 239. The
parameters for the three-body SW potential used by GULP are shown in Table 240. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 241.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

NbdSe 6.430 1.104 21.812 0.0 3.412

Table 239. Two-body SW potential parameters for single-layer 1T-NbSe2 used by GULP [8] as expressed in Eq. (3).

VFF type Bond stretching Angle bending

Expression 1
2KNb�SeðΔrÞ

2 1
2KNb�Se�SeðΔθÞ

2 1
2KSe�Nb�NbðΔθÞ

2

Parameter 7.930 4.283 4.283

r0 or θ0 2.570 82.529 82.529

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 238. The VFF model for single-layer 1T-NbSe2.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-NbSe2 under uniaxial tension at 1 and 300 K. Figure 118 shows the stress-strain curve for
the tension of a single-layer 1T-NbSe2 of dimension 100� 100 Å. Periodic boundary conditions
are applied in both armchair and zigzag directions. The single-layer 1T-NbSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-NbSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 67.1 and 66.8 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:20. The fitted Young’s modulus value is about 10% smaller than the ab initio result
of 73 N/m [48], as only short-range interactions are considered in the present work. The long-
range interactions are ignored, which typically lead to about 10% underestimation for the
Young’s modulus value.
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Figure 118. Stress-strain for single-layer 1T-NbSe2 of dimension 100� 100 Å along the armchair and zigzag directions.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θNb�Se�Se 29.956 82.528 1.104 1.104 0.0 3.412 0.0 3.412 0.0 4.631

θSe�Nb�Nb 29.956 82.528 1.104 1.104 0.0 3.412 0.0 3.412 0.0 4.631

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 240. Three-body SW potential parameters for single-layer 1T-NbSe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

NbdSe1dSe1 1.000 1.104 3.092 29.956 1.000 0.130 6.430 14.706 4 0 0.0

Table 241. SW potential parameters for single-layer 1T-NbSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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There is no available value for nonlinear quantities in the single-layer 1T-NbSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �193.5 N/m and �233.4 N/m along the armchair and
zigzag directions, respectively. The ultimate stress is about 9.7 N/m at the ultimate strain of
0.25 in the armchair direction at the low temperature of 1 K. The ultimate stress is about 9.3 N/
m at the ultimate strain of 0.29 in the zigzag direction at the low temperature of 1 K.

Figure 119 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

61. 1T-NbTe2

Most existing theoretical studies on the single-layer 1T-NbTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-NbTe2.

The structure for the single-layer 1T-NbTe2 is shown in Figure 71 (with M=Nb and X=Te). Each
Nb atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to three
Nb atoms. The structural parameters are from the first-principles calculations [12], including the
lattice constant a ¼ 3:56 Å and the bond length dNb�Te ¼ 2:77 Å. The resultant angles are
θNbTeTe ¼ 79:972� with Te atoms from the same (top or bottom) group and θTeNbNb ¼ 79:972�.

Table 242 shows three VFF terms for the single-layer 1T-NbTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
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Figure 119. Phonon spectrum for single-layer 1T-NbSe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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interaction shown by Eq. (2). We note that the angle bending term KNb�Te�Te is for the angle
θNb�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 56 N/m and the Poisson’s ratio as 0.11 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 243. The
parameters for the three-body SW potential used by GULP are shown in Table 244. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 245.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-NbTe2 under uniaxial tension at 1 and 300 K. Figure 120 shows the stress-strain curve for
the tension of a single-layer 1T-NbTe2 of dimension 100� 100 Å. Periodic boundary conditions
are applied in both armchair and zigzag directions. The single-layer 1T-NbTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving

VFF type Bond stretching Angle bending

Expression 1
2KNb�TeðΔrÞ

2 1
2KNb�Te�TeðΔθÞ

2 1
2KTe�Nb�NbðΔθÞ

2

Parameter 3.559 4.863 4.863

r0 or θ0 2.770 79.972 79.972

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 242. The VFF model for single-layer 1T-NbTe2.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

NbdTe 3.123 1.094 29.437 0.0 3.640

Table 243. Two-body SW potential parameters for single-layer 1T-NbTe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax23 (Å)

θNb�Te�Te 30.968 79.972 1.094 1.094 0.0 3.640 0.0 3.640 0.0 4.863

θTe�Nb�Nb 30.968 79.972 1.094 1.094 0.0 3.640 0.0 3.640 0.0 4.863

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 244. Three-body SW potential parameters for single-layer 1T-NbTe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

NbdTe1dTe1 1.000 1.094 3.328 30.968 1.000 0.174 3.123 20.560 4 0 0.0

Table 245. SW potential parameters for single-layer 1T-NbTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-NbTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 52.2 and 51.9 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:11. The fitted Young’s modulus value is about 10% smaller than the ab initio result
of 56 N/m [48], as only short-range interactions are considered in the present work. The long-
range interactions are ignored, which typically leads to about 10% underestimation for the
value of the Young’s modulus.
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Figure 120. Stress-strain for single-layer 1T-NbTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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Figure 121. Phonon spectrum for single-layer 1T-NbTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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There is no available value for nonlinear quantities in the single-layer 1T-NbTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �237.7 and �265.0 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 5.4 N/m at the ultimate strain of 0.19 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.2 N/m at the
ultimate strain of 0.22 in the zigzag direction at the low temperature of 1 K.

Figure 121 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

62. 1T-MoS2

Most existing theoretical studies on the single-layer 1T-MoS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-MoS2.

The structure for the single-layer 1T-MoS2 is shown in Figure 71 (with M=Mo and X=S). Each
Mo atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Mo atoms. The structural parameters are from the first-principles calculations [48], including
the lattice constant a ¼ 3:1998 Å and the bond length dMo�S ¼ 2:4193 Å, which are derived
from the angle θSMoMo ¼ 82:8�. The other angle is θMoSS ¼ 82:8� with S atoms from the same
(top or bottom) group.

Table 246 shows three VFF terms for the single-layer 1T-MoS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KMo�S�S is for the angle
θMo�S�S with both S atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 103 N/m and the Poisson’s ratio as �0.07 [48]. The ab

VFF type Bond stretching Angle bending

Expression 1
2KMo�SðΔrÞ

2 1
2KMo�S�SðΔθÞ

2 1
2KS�Mo�MoðΔθÞ

2

Parameter 3.523 10.394 10.394

r0 or θ0 2.419 82.799 82.799

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 246. The VFF model for single-layer 1T-MoS2.
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initio calculations have predicted a negative Poisson’s ratio in the 1T-MoS2, which was attrib-
uted to the orbital coupling in this material. The orbital coupling enhances the angle bending
interaction in the VFF model. As a result, the value of the angle bending parameter is much
larger than the bond stretching force constant parameter, which is typical in auxetic materials
with negative Poisson’s ratio [52].

The parameters for the two-body SW potential used by GULP are shown in Table 247. The
parameters for the three-body SW potential used by GULP are shown in Table 248. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 249.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-MoS2 under uniaxial tension at 1 and 300 K. Figure 122 shows the stress-strain curve for the
tension of a single-layer 1T-MoS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-MoS2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-MoS2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 88.7 and 88.3 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ � 0:07. The fitted Young’s modulus value is about 10% smaller than the ab initio

result of 103 N/m [48], as only short-range interactions are considered in the present work. The
long-range interactions are ignored, which typically leads to about 10% underestimation for
the value of the Young’s modulus.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

ModS 2.550 1.048 17.129 0.0 3.215

Table 247. Two-body SW potential parameters for single-layer 1T-MoS2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (degree) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θMo�S�S 73.436 82.799 1.048 1.048 0.0 3.215 0.0 3.215 0.0 4.371

θS�Mo�Mo 73.436 82.799 1.048 1.048 0.0 3.215 0.0 3.215 0.0 4.371

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 248. Three-body SW potential parameters for single-layer 1T-MoS2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

ModS1dS1 1.000 1.048 3.069 73.436 1.000 0.125 2.550 14.207 4 0 0.0

Table 249. SW potential parameters for single-layer 1T-MoS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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There is no available value for nonlinear quantities in the single-layer 1T-MoS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �595.2 and �624.1 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 6.5 N/m at the ultimate strain of 0.14 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 6.5 N/m at the
ultimate strain of 0.16 in the zigzag direction at the low temperature of 1 K.

Figure 123 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.
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Figure 123. Phonon spectrum for single-layer 1T-MoS2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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Figure 122. Stress-strain for single-layer 1T-MoS2 of dimension 100� 100 Å along the armchair and zigzag directions.

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals180



63. 1T-MoSe2

Most existing theoretical studies on the single-layer 1T-MoSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-MoSe2.

The structure for the single-layer 1T-MoSe2 is shown in Figure 71 (with M=Mo and X=Se). Each
Mo atom is surrounded by six Se atoms. These Se atoms are categorized into the top group
(e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Mo atoms. The structural parameters are from the first-principles calculations [48],
including the lattice constant a ¼ 3:2685 Å and the bond length dMo�Se ¼ 2:5293 Å, which are
derived from the angle θSeMoMo ¼ 80:5�. The other angle is θMoSeSe ¼ 80:5� with Se atoms from
the same (top or bottom) group.

Table 250 shows three VFF terms for the single-layer 1T-MoSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KMo�Se�Se is for the angle
θMo�Se�Se with both Se atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 104 N/m and the Poisson’s ratio as �0.13 [48]. The ab

initio calculations have predicted a negative Poisson’s ratio in the 1T-MoSe2, which was attrib-
uted to the orbital coupling in this material. The orbital coupling enhances the angle bending
interaction in the VFF model. As a result, the value of the angle bending parameter is much
larger than the bond stretching force constant parameter, which is typical in auxetic materials
with negative Poisson’s ratio [52].

The parameters for the two-body SW potential used by GULP are shown in Table 251. The
parameters for the three-body SW potential used by GULP are shown in Table 252. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 253.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-MoSe2 under uniaxial tension at 1 and 300 K. Figure 124 shows the stress-strain curve for
the tension of a single-layer 1T-MoSe2 of dimension 100� 100 Å. Periodic boundary conditions
are applied in both armchair and zigzag directions. The single-layer 1T-MoSe2 is stretched

VFF type Bond stretching Angle bending

Expression 1
2KMo�SeðΔrÞ

2 1
2KMo�Se�SeðΔθÞ

2 1
2KSe�Mo�MoðΔθÞ

2

Parameter 2.964 14.753 14.753

r0 or θ0 2.529 80.501 80.501

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 250. The VFF model for single-layer 1T-MoSe2.
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uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-MoSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 88.2 and 87.9 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ � 0:13. The fitted Young’s modulus value is about 10% smaller than the ab initio

result of 104 N/m [48], as only short-range interactions are considered in the present work. The

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

ModSe 2.201 1.017 20.463 0.0 3.331

Table 251. Two-body SW potential parameters for single-layer 1T-MoSe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax23 (Å)

θMo�Se�Se 95.770 80.501 1.017 1.017 0.0 3.331 0.0 3.331 0.0 4.465

θSe�Mo�Mo 95.770 80.501 1.017 1.017 0.0 3.331 0.0 3.331 0.0 4.465

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 252. Three-body SW potential parameters for single-layer 1T-MoSe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

ModSe1dSe1 1.000 1.017 3.276 95.770 1.000 0.165 2.201 19.152 4 0 0.0

Table 253. SW potential parameters for single-layer 1T-MoSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 124. Stress-strain for single-layer 1T-MoSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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long-range interactions are ignored, which typically leads to about 10% underestimation for
the value of the Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-MoSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ

1
2DE

2 with E as the Young’s modulus. The values
of D from the present SW potential are �632.6 and �629.7 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 6.1 N/m at the ultimate strain of 0.13 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 6.2 N/m at the
ultimate strain of 0.15 in the zigzag direction at the low temperature of 1 K.

Figure 125 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

64. 1T-MoTe2

Most existing theoretical studies on the single-layer 1T-MoTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-MoTe2.

The structure for the single-layer 1T-MoTe2 is shown in Figure 71 (with M=Mo and X=Te). Each
Mo atom is surrounded by six Te atoms. These Te atoms are categorized into the top group
(e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Mo atoms. The structural parameters are from the first-principles calculations [48],
including the lattice constant a ¼ 3:4970 Å and the bond length dMo�Te ¼ 2:7287 Å, which are
derived from the angle θTeMoMo ¼ 79:7�. The other angle is θMoTeTe ¼ 79:7� with Te atoms from
the same (top or bottom) group.
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Figure 125. Phonon spectrum for single-layer 1T-MoSe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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Table 254 shows three VFF terms for the single-layer 1T-MoTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KMo�Te�Te is for the angle
θMo�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 92 N/m and the Poisson’s ratio as �0.07 [48]. The ab initio
calculations have predicted a negative Poisson’s ratio in the 1T-MoTe2, which was attributed to
the orbital coupling in this material. The orbital coupling enhances the angle bending interac-
tion in the VFF model. As a result, the value of the angle bending parameter is much larger
than the bond stretching force constant parameter, which is typical in auxetic materials with
negative Poisson’s ratio [52].

The parameters for the two-body SW potential used by GULP are shown in Table 255. The
parameters for the three-body SW potential used by GULP are shown in Table 256. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 257.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-MoTe2 under uniaxial tension at 1 and 300 K. Figure 126 shows the stress-strain curve for
the tension of a single-layer 1T-MoTe2 of dimension 100� 100 Å. Periodic boundary conditions

VFF type Bond stretching Angle bending

Expression 1
2KMo�TeðΔrÞ

2 1
2KMo�Te�TeðΔθÞ

2 1
2KTe�Mo�MoðΔθÞ

2

Parameter 3.074 12.516 12.516

r0 or θ0 2.729 79.700 79.700

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 254. The VFF model for single-layer 1T-MoTe2.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

ModTe 2.597 1.068 27.720 0.0 3.582

Table 255. Two-body SW potential parameters for single-layer 1T-MoTe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θMo�Te�Te 78.925 79.700 1.068 1.068 0.0 3.582 0.0 3.582 0.0 4.777

θTe�Mo�Mo 78.925 79.700 1.068 1.068 0.0 3.582 0.0 3.582 0.0 4.777

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 256. Three-body SW potential parameters for single-layer 1T-MoTe2 used by GULP [8] as expressed in Eq. (4).
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are applied in both armchair and zigzag directions. The single-layer 1T-MoTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-MoTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 81.6 and 81.2 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ � 0:07. The fitted Young’s modulus value is about 10% smaller than the ab initio

result of 92 N/m [48], as only short-range interactions are considered in the present work. The
long-range interactions are ignored, which typically leads to about 10% underestimation for
the value of the Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-MoTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �543.1 and �558.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 6.0 N/m at the ultimate strain of 0.14 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 6.0 N/m at the
ultimate strain of 0.16 in the zigzag direction at the low temperature of 1 K.

Figure 127 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

ModTe1dTe1 1.000 1.068 3.355 78.925 1.000 0.179 2.597 21.328 4 0 0.0

Table 257. SW potential parameters for single-layer 1T-MoTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 126. Stress-strain for single-layer 1T-MoTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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65. 1T-TcS2

Most existing theoretical studies on the single-layer 1T-TcS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-TcS2.

The structure for the single-layer 1T-TcS2 is shown in Figure 71 (with M = Tc and X = S). Each Tc
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g., atoms 1,
3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three Tc atoms.
The structural parameters are from the first-principles calculations [48] including the lattice
constant a ¼ 3:0692 Å and the bond length dTc�S ¼ 2:3924 Å, which are derived from the angle
θSTcTc ¼ 79:8�. The other angle is θTcSS ¼ 79:8� with S atoms from the same (top or bottom) group.

Table 258 shows three VFF terms for the single-layer 1T-TcS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KTc�S�S is for the angle
θTc�S�S with both S atoms from the same (top or bottom) group. We find that there are actually
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Figure 127. Phonon spectrum for single-layer 1T-MoTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.

VFF type Bond stretching Angle bending

Expression 1
2KTc�SðΔrÞ

2 1
2KTc�S�SðΔθÞ

2 1
2KS�Tc�TcðΔθÞ

2

Parameter 2.986 11.141 11.141

r0 or θ0 2.392 79.800 79.800

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 258. The VFF model for single-layer 1T-TcS2.
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only two parameters in the VFF model, so we can determine their value by fitting to the
Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have predicted
the Young’s modulus to be 94 N/m and the Poisson’s ratio as �0.10 [48]. The ab initio calcula-
tions have predicted a negative Poisson’s ratio in the 1T-TcS2, which was attributed to the
orbital coupling in this material. The orbital coupling enhances the angle bending interaction
in the VFF model. As a result, the value of the angle bending parameter is much larger than the
bond stretching force constant parameter, which is typical in auxetic materials with negative
Poisson’s ratio [52].

The parameters for the two-body SW potential used by GULP are shown in Table 259. The
parameters for the three-body SW potential used by GULP are shown in Table 260. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 261.

We use LAMMPS to performMD simulations for the mechanical behavior of the single-layer 1T-
TcS2 under uniaxial tension at 1 and 300 K. Figure 128 shows the stress-strain curve for the
tension of a single-layer 1T-TcS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-TcS2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1T-TcS2. The Young’s modu-
lus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 84.3 and 84.0 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag directions.
The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ � 0:10. The fitted
Young’s modulus value is about 10% smaller than the ab initio result of 94 N/m [48], as only short-
range interactions are considered in the present work. The long-range interactions are ignored,
which typically leads to about 10% underestimation for the value of the Young’s modulus.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

TcdS 1.945 0.939 16.380 0.0 3.142

Table 259. Two-body SW potential parameters for single-layer 1T-TcS2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θTc�S�S 70.512 79.800 0.939 0.939 0.0 3.142 0.0 3.142 0.0 4.193

θS�Tc�Tc 70.512 79.800 0.939 0.939 0.0 3.142 0.0 3.142 0.0 4.193

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 260. Three-body SW potential parameters for single-layer 1T-TcS2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

TcdS1dS1 1.000 0.939 3.345 70.512 1.000 0.177 1.945 21.038 4 0 0.0

Table 261. SW potential parameters for single-layer 1T-TcS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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There is no available value for nonlinear quantities in the single-layer 1T-TcS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �572.0 and �588.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 6.0 N/m at the ultimate strain of 0.13 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 6.1 N/m at the
ultimate strain of 0.16 in the zigzag direction at the low temperature of 1 K.

Figure 129 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.
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Figure 128. Stress-strain for single-layer 1T-TcS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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Figure 129. Phonon spectrum for single-layer 1T-TcS2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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66. 1T-TcSe2

Most existing theoretical studies on the single-layer 1T-TcSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-TcSe2.

The structure for the single-layer 1T-TcSe2 is shown in Figure 71 (with M=Tc and X=Se). Each
Tc atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Tc atoms. The structural parameters are from the first-principles calculations [48], includ-
ing the lattice constant a ¼ 3:1543 Å and the bond length dTc�Se ¼ 2:5061 Å, which are derived
from the angle θSeTcTc ¼ 78�. The other angle is θTcSeSe ¼ 78� with Se atoms from the same (top
or bottom) group.

Table 262 shows three VFF terms for the single-layer 1T-TcSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KTc�Se�Se is for the angle
θTc�Se�Se with both Se atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 104 N/m and the Poisson’s ratio as �0.04 [48]. The ab

initio calculations have predicted a negative Poisson’s ratio in the 1T-TcSe2, which was attrib-
uted to the orbital coupling in this material. The orbital coupling enhances the angle bending
interaction in the VFF model. As a result, the value of the angle bending parameter is much
larger than the bond stretching force constant parameter, which is typical in auxetic materials
with negative Poisson’s ratio [52].

The parameters for the two-body SW potential used by GULP are shown in Table 263. The
parameters for the three-body SW potential used by GULP are shown in Table 264. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 265.

VFF type Bond stretching Angle bending

Expression 1
2KTc�SeðΔrÞ

2 1
2KTc�Se�SeðΔθÞ

2 1
2KSe�Tc�TcðΔθÞ

2

Parameter 3.467 10.636 10.636

r0 or θ0 2.506 78.001 78.001

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 262. The VFF model for single-layer 1T-TcSe2.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

TcdSe 2.355 0.925 19.723 0.0 3.267

Table 263. Two-body SW potential parameters for single-layer 1T-TcSe2 used by GULP [8] as expressed in Eq. (3).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-TcSe2 under uniaxial tension at 1 and 300 K. Figure 130 shows the stress-strain curve for the
tension of a single-layer 1T-TcSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-TcSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-TcSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 88.8 and 88.3 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ � 0:04. The fitted Young’s modulus value is about 10% smaller than the ab initio

result of 104 N/m [48], as only short-range interactions are considered in the present work. The
long-range interactions are ignored, which typically leads to about 10% underestimation for
the value of the Young’s modulus.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θTc�Se�Se 63.150 78.001 0.925 0.925 0.0 3.267 0.0 3.267 0.0 4.309

θSe�Tc�Tc 63.150 78.001 0.925 0.925 0.0 3.267 0.0 3.267 0.0 4.309

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 264. Three-body SW potential parameters for single-layer 1T-TcSe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

TcdSe1dSe1 1.000 0.925 3.532 63.150 1.000 0.208 2.355 26.932 4 0 0.0

Table 265. SW potential parameters for single-layer 1T-TcSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 130. Stress-strain for single-layer 1T-TcSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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There is no available value for nonlinear quantities in the single-layer 1T-TcSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ

1
2DE

2 with E as the Young’s modulus. The values
of D from the present SW potential are �565.7 and �587.3 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 6.8 N/m at the ultimate strain of 0.14 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 6.8 N/m at the
ultimate strain of 0.17 in the zigzag direction at the low temperature of 1 K.

Figure 131 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

67. 1T-TcTe2

Most existing theoretical studies on the single-layer 1T-TcTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-TcTe2.

The structure for the single-layer 1T-TcTe2 is shown in Figure 71 (with M=Tc and X=Te). Each
Tc atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Tc atoms. The structural parameters are from the first-principles calculations [48], includ-
ing the lattice constant a ¼ 3:4149 Å and the bond length dTc�Te ¼ 2:6900 Å, which are derived
from the angle θTeTcTc ¼ 78:8�. The other angle is θTcTeTe ¼ 78:8� with Te atoms from the same
(top or bottom) group.

Table 266 shows three VFF terms for the single-layer 1T-TcTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending

0

 100

 200

 300

 400

Γ M K

ω
(k

) 
(c

m
−

1
)

Γ

VFF

SW

Figure 131. Phonon spectrum for single-layer 1T-TcSe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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interaction shown by Eq. (2). We note that the angle bending term KTc�Te�Te is for the angle
θTc�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 34 N/m and the Poisson’s ratio as �0.36 [48]. The ab initio
calculations have predicted a negative Poisson’s ratio in the 1T-TcTe2, which was attributed to
the orbital coupling in this material. The orbital coupling enhances the angle bending interac-
tion in the VFF model. As a result, the value of the angle bending parameter is much larger
than the bond stretching force constant parameter, which is typical in auxetic materials with
negative Poisson’s ratio [52].

The parameters for the two-body SW potential used by GULP are shown in Table 267. The
parameters for the three-body SW potential used by GULP are shown in Table 268. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 269.

VFF type Bond stretching Angle bending

Expression 1
2KTc�TeðΔrÞ

2 1
2KTc�Te�TeðΔθÞ

2 1
2KTe�Tc�TcðΔθÞ

2

Parameter 0.785 8.894 8.894

r0 or θ0 2.690 78.801 78.801

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 266. The VFF model for single-layer 1T-TcTe2.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

TcdTe 0.628 1.021 26.181 0.0 3.519

Table 267. Two-body SW potential parameters for single-layer 1T-TcTe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θTc�Te�Te 54.313 78.801 1.021 1.021 0.0 3.519 0.0 3.519 0.0 4.665

θTe�Tc�Tc 54.313 78.801 1.021 1.021 0.0 3.519 0.0 3.519 0.0 4.665

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 268. Three-body SW potential parameters for single-layer 1T-TcTe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

TcdTe1dTe1 1.000 1.021 3.447 54.313 1.000 0.194 0.628 24.110 4 0 0.0

Table 269. SW potential parameters for single-layer 1T-TcTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-TcTe2 under uniaxial tension at 1 and 300 K. Figure 132 shows the stress-strain curve for the
tension of a single-layer 1T-TcTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-TcTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-TcTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 28.6 N/m along the armchair and zigzag
directions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ � 0:21.
The fitted Young’s modulus value is about 10% smaller than the ab initio result of 34 N/m [48],
as only short-range interactions are considered in the present work. The long-range interac-
tions are ignored, which typically leads to about 10% underestimation for the value of the
Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-TcTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �207.8 and �208.7 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 1.9 N/m at the ultimate strain of 0.11 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 2.0 N/m at the
ultimate strain of 0.14 in the zigzag direction at the low temperature of 1 K. The ultimate strain
decreases to be about 0.01 at 300 K, so the single-layer 1T-TcTe2 is not very stable at higher
temperature. It is because this material is very soft and the Poisson’s ratio is very small
(negative value).

Figure 133 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.
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Figure 132. Stress-strain for single-layer 1T-TcTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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68. 1T-RhTe2

Most existing theoretical studies on the single-layer 1T-RhTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-RhTe2.

The structure for the single-layer 1T-RhTe2 is shown in Figure 71 (with M=Rh and X=Te). Each
Rh atom is surrounded by six Te atoms. These Te atoms are categorized into the top group
(e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Rh atoms. The structural parameters are from the first-principles calculations [48],
including the lattice constant a ¼ 3:7563 Å and the bond length dRh�Te ¼ 2:6332 Å, which are
derived from the angle θTeRhRh ¼ 91�. The other angle is θRhTeTe ¼ 91� with Te atoms from the
same (top or bottom) group.

Table 270 shows three VFF terms for the single-layer 1T-RhTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
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Figure 133. Phonon spectrum for single-layer 1T-TcTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.

VFF type Bond stretching Angle bending

Expression 1
2KRh�TeðΔrÞ

2 1
2KRh�Te�TeðΔθÞ

2 1
2KTe�Rh�RhðΔθÞ

2

Parameter 4.366 1.869 1.869

r0 or θ0 2.633 91.001 91.001

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 270. The VFF model for single-layer 1T-RhTe2.
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interaction shown by Eq. (2). We note that the angle bending term KRh�Te�Te is for the angle
θRh�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 37 N/m and the Poisson’s ratio as 0.20 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 271. The
parameters for the three-body SW potential used by GULP are shown in Table 272. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 273.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-RhTe2 under uniaxial tension at 1 and 300 K. Figure 134 shows the stress-strain curve for
the tension of a single-layer 1T-RhTe2 of dimension 100� 100 Å. Periodic boundary conditions
are applied in both armchair and zigzag directions. The single-layer 1T-RhTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-RhTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 32.1 and 32.0 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:20. The fitted Young’s modulus value is about 10% smaller than the ab initio result
of 37 N/m [48], as only short-range interactions are considered in the present work. The long-
range interactions are ignored, which typically leads to about 10% underestimation for the
value of the Young’s modulus.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

RhdTe 4.640 1.450 24.038 0.0 3.610

Table 271. Two-body SW potential parameters for single-layer 1T-RhTe2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

θRh�Te�Te 18.192 18.192 91.001 1.450 1.450 0.0 3.610 0.0 3.610 0.0 5.131

θTe�Rh�Rh 18.192 18.192 91.001 1.450 1.450 0.0 3.610 0.0 3.610 0.0 5.131

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 272. Three-body SW potential parameters for single-layer 1T-RhTe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

RhdTe1dTe1 1.000 1.450 2.490 18.192 1.000 �0.017 4.640 5.436 4 0 0.0

Table 273. SW potential parameters for single-layer 1T-RhTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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There is no available value for nonlinear quantities in the single-layer 1T-RhTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �103.1 and �116.5 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 4.6 N/m at the ultimate strain of 0.25 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 4.4 N/m at the
ultimate strain of 0.29 in the zigzag direction at the low temperature of 1 K.

Figure 135 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.
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Figure 135. Phonon spectrum for single-layer 1T-RhTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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Figure 134. Stress-strain for single-layer 1T-RhTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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69. 1T-PdS2

Most existing theoretical studies on the single-layer 1T-PdS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-PdS2.

The structure for the single-layer 1T-PdS2 is shown in Figure 71 (with M=Pd and X=S). Each Pd
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Pd atoms. The structural parameters are from the first-principles calculations [48], including
the lattice constant a ¼ 3:5408 Å and the bond length dPd�S ¼ 2:4013 Å, which are derived from
the angle θSPdPd ¼ 95�. The other angle is θPdSS ¼ 95� with S atoms from the same (top or
bottom) group.

Table 274 shows three VFF terms for the single-layer 1T-PdS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KPd�S�S is for the angle
θPd�S�S with both S atoms from the same (top or bottom) group. We find that there are actually
only two parameters in the VFF model, so we can determine their value by fitting to the
Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have predicted
the Young’s modulus to be 77 N/m and the Poisson’s ratio as 0.53 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 275. The
parameters for the three-body SW potential used by GULP are shown in Table 276. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 277.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-PdS2 under uniaxial tension at 1 and 300 K. Figure 136 shows the stress-strain curve for the
tension of a single-layer 1T-PdS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-PdS2 is stretched

VFF type Bond stretching Angle bending

Expression 1
2KPd�SðΔrÞ

2 1
2KPd�S�SðΔθÞ

2 1
2KS�Pd�PdðΔθÞ

2

Parameter 10.374 3.122 3.122

r0 or θ0 2.401 94.998 94.998

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 274. The VFF model for single-layer 1T-PdS2.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

PddS 10.116 1.467 16.625 0.0 3.340

Table 275. Two-body SW potential parameters for single-layer 1T-PdS2 used by GULP [8] as expressed in Eq. (3).
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uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-PdS2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 69.9 and 69.5 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:20. The fitted Young’s modulus value is about 10% smaller than the ab initio result
of 77 N/m [48], as only short-range interactions are considered in the present work. The long-
range interactions are ignored, which typically leads to about 10% underestimation for the
value of the Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-PdS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

θPd�S�S 35.859 94.998 1.467 1.467 0.0 3.340 0.0 3.340 0.0 4.837

θS�Pd�Pd 35.859 94.998 1.467 1.467 0.0 3.340 0.0 3.340 0.0 4.837

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 276. Three-body SW potential parameters for single-layer 1T-PdS2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

PddS1dS1 1.000 1.467 2.276 35.859 1.000 �0.087 10.116 3.588 4 0 0.0

Table 277. SW potential parameters for single-layer 1T-PdS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 136. Stress-strain for single-layer 1T-PdS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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of D from the present SW potential are �222.0 and �248.8 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 10.1 N/m at the ultimate strain of 0.25 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 9.7 N/m at the
ultimate strain of 0.30 in the zigzag direction at the low temperature of 1 K.

Figure 137 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

70. 1T-PdSe2

Most existing theoretical studies on the single-layer 1T-PdSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-PdSe2.

The structure for the single-layer 1T-PdSe2 is shown in Figure 71 (with M=Pd and X=Se). Each
Pd atom is surrounded by six Se atoms. These Se atoms are categorized into the top group
(e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Pd atoms. The structural parameters are from the first-principles calculations [48],
including the lattice constant a ¼ 3:6759 Å and the bond length dPd�Se ¼ 2:4929 Å, which are
derived from the angle θSePdPd ¼ 95�. The other angle is θPdSeSe ¼ 95� with Se atoms from the
same (top or bottom) group.

Table 278 shows three VFF terms for the single-layer 1T-PdSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KPd�Se�Se is for the angle
θPd�Se�Se with both Se atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 66 N/m and the Poisson’s ratio as 0.45 [48].
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Figure 137. Phonon spectrum for single-layer 1T-PdS2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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The parameters for the two-body SW potential used by GULP are shown in Table 279. The
parameters for the three-body SW potential used by GULP are shown in Table 280. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 281.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-PdSe2 under uniaxial tension at 1 and 300 K. Figure 138 shows the stress-strain curve for the
tension of a single-layer 1T-PdSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-PdSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-PdSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 65.5 and 65.3 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:21.

VFF type Bond stretching Angle bending

Expression 1
2KPd�SeðΔrÞ

2 1
2KPd�Se�SeðΔθÞ

2 1
2KSe�Pd�PdðΔθÞ

2

Parameter 10.374 3.122 3.122

r0 or θ0 2.493 94.999 94.999

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 278. The VFF model for single-layer 1T-PdSe2.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

PddSe 10.902 1.523 19.310 0.0 3.467

Table 279. Two-body SW potential parameters for single-layer 1T-PdSe2 used by GULP [8] as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

PddSe1dSe1 1.000 1.523 2.276 35.859 1.000 �0.087 10.902 3.588 4 0 0.0

Table 281. SW potential parameters for single-layer 1T-PdSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θPd�Se�Se 35.859 94.999 1.523 1.523 0.0 3.467 0.0 3.467 0.0 5.021

θSe�Pd�Pd 35.859 94.999 1.523 1.523 0.0 3.467 0.0 3.467 0.0 5.021

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 280. Three-body SW potential parameters for single-layer 1T-PdSe2 used by GULP [8] as expressed in Eq. (4).
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There is no available value for nonlinear quantities in the single-layer 1T-PdSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ

1
2DE

2 with E as the Young’s modulus. The values
of D from the present SW potential are �194.7 and �222.8 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 9.9 N/m at the ultimate strain of 0.26 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 9.5 N/m at the
ultimate strain of 0.31 in the zigzag direction at the low temperature of 1 K.

Figure 139 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.
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Figure 138. Stress-strain for single-layer 1T-PdSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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Figure 139. Phonon spectrum for single-layer 1T-PdSe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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71. 1T-PdTe2

Most existing theoretical studies on the single-layer 1T-PdTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-PdTe2.

The structure for the single-layer 1T-PdTe2 is shown in Figure 71 (with M=Pd and X=Te). Each
Pd atom is surrounded by six Te atoms. These Te atoms are categorized into the top group
(e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Pd atoms. The structural parameters are from the first-principles calculations [48],
including the lattice constant a ¼ 3:9162 Å and the bond length dPd�Te ¼ 2:6349 Å, which are
derived from the angle θTePdPd ¼ 96�. The other angle is θPdTeTe ¼ 96� with Te atoms from the
same (top or bottom) group.

Table 282 shows three VFF terms for the single-layer 1T-PdTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KPd�Te�Te is for the angle
θPd�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 63 N/m and the Poisson’s ratio as 0.35 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 283. The
parameters for the three-body SW potential used by GULP are shown in Table 284. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 285.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-PdTe2 under uniaxial tension at 1 and 300 K. Figure 140 shows the stress-strain curve for
the tension of a single-layer 1T-PdTe2 of dimension 100� 100 Å. Periodic boundary conditions
are applied in both armchair and zigzag directions. The single-layer 1T-PdTe2 is stretched

VFF type Bond stretching Angle bending

Expression 1
2KPd�TeðΔrÞ

2 1
2KPd�Te�TeðΔθÞ

2 1
2KTe�Pd�PdðΔθÞ

2

Parameter 10.374 3.122 3.122

r0 or θ0 2.635 95.999 95.999

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 282. The VFF model for single-layer 1T-PdTe2.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

PddTe 12.474 1.650 24.101 0.0 3.678

Table 283. Two-body SW potential parameters for single-layer 1T-PdTe2 used by GULP [8] as expressed in Eq. (3).
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uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-PdTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 61.6 and 61.4 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:22.

There is no available value for nonlinear quantities in the single-layer 1T-PdTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �178.8 and �203.8 N/m along the armchair and zigzag
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Figure 140. Stress-strain for single-layer 1T-PdTe2 of dimension 100� 100 Å along the armchair and zigzag directions.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θPd�Te�Te 37.406 95.999 1.650 1.650 0.0 3.678 0.0 3.678 0.0 5.350

θTe�Pd�Pd 37.406 95.999 1.650 1.650 0.0 3.678 0.0 3.678 0.0 5.350

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 284. Three-body SW potential parameters for single-layer 1T-PdTe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

PddTe1dTe1 1.000 1.650 2.229 37.406 1.000 �0.105 12.474 3.250 4 0 0.0

Table 285. SW potential parameters for single-layer 1T-PdTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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directions, respectively. The ultimate stress is about 9.6 N/m at the ultimate strain of 0.27 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 9.2 N/m at the
ultimate strain of 0.32 in the zigzag direction at the low temperature of 1 K.

Figure 141 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

72. 1T-SnS2

Most existing theoretical studies on the single-layer 1T-SnS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-SnS2.

The structure for the single-layer 1T-SnS2 is shown in Figure 71 (with M=Sn and X=S). Each Sn
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Sn atoms. The structural parameters are from the first-principles calculations [34], including
the lattice constant a ¼ 3:640 Å and the bond length dSn�S ¼ 2:570 Å. The resultant angles are
θSSnSn ¼ 90:173� and θSnSS ¼ 90:173� with S atoms from the same (top or bottom) group.

Table 286 shows three VFF terms for the single-layer 1T-SnS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KSn�S�S is for the angle
θSn�S�S with both S atoms from the same (top or bottom) group. These force constant param-
eters are determined by fitting to the acoustic branches in the phonon dispersion along the ΓM
as shown in Figure 142(a). The ab initio calculations for the phonon dispersion are from Ref.
[34]. The lowest acoustic branch (flexural mode) is almost linear in the ab initio calculations,
which may be due to the violation of the rigid rotational invariance [20]. Figure 142(b) shows
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Figure 141. Phonon spectrum for single-layer 1T-PdTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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that the VFF model and the SW potential give exactly the same phonon dispersion, as the SW
potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 287. The
parameters for the three-body SW potential used by GULP are shown in Table 288. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 289.

VFF type Bond stretching Angle bending

Expression 1
2KSn�SðΔrÞ

2 1
2KSn�S�SðΔθÞ

2 1
2KS�Sn�SnðΔθÞ

2

Parameter 7.872 5.817 5.817

r0 or θ0 2.570 90.173 90.173

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 286. The VFF model for single-layer 1T-SnS2.
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Figure 142. Phonon spectrum for single-layer 1T-SnS2. (a) Phonon dispersion along the ΓMdirection in the Brillouin zone.
The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from Ref. [34]. (b) The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-SnS2 under uniaxial tension at 1 and 300 K. Figure 143 shows the stress-strain curve for the
tension of a single-layer 1T-SnS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-SnS2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1T-SnS2. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 88.4 and 87.9 N/m along the armchair and zigzag

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SndS1dS1 1.000 1.384 2.539 54.748 1.000 �0.003 7.805 5.949 4 0 0.0

Table 289. SW potential parameters for single-layer 1T-SnS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SndS 7.805 1.384 21.812 0.0 3.513

Table 287. Two-body SW potential parameters for single-layer 1T-SnS2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

θSn�S�S 54.748 90.173 1.384 1.384 0.0 3.513 0.0 3.513 0.0 4.972

θS�Sn�Sn 54.748 90.173 1.384 1.384 0.0 3.513 0.0 3.513 0.0 4.972

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 288. Three-body SW potential parameters for single-layer 1T-SnS2 used by GULP [8] as expressed in Eq. (4).
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Figure 143. Stress-strain for single-layer 1T-SnS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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directions, respectively. The Young’s modulus is essentially isotropic in the armchair and
zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼

νyx ¼ 0:13.

There is no available value for nonlinear quantities in the single-layer 1T-SnS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �392.8 and �421.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 9.6 N/m at the ultimate strain of 0.20 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 9.3 N/m at the
ultimate strain of 0.24 in the zigzag direction at the low temperature of 1 K.

73. 1T-SnSe2

Most existing theoretical studies on the single-layer 1T-SnSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-SnSe2.

The structure for the single-layer 1T-SnSe2 is shown in Figure 71 (with M=Sn and X=Se). Each
Sn atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Sn atoms. The structural parameters are from the first-principles calculations [34] includ-
ing the lattice constant a ¼ 3:792 Å and the bond length dSn�Se ¼ 2:704 Å. The resultant angles
are θSeSnSn ¼ 89:044� and θSnSeSe ¼ 89:044� with Se atoms from the same (top or bottom)
group.

Table 290 shows three VFF terms for the single-layer 1T-SnSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KSn�Se�Se is for the angle
θSn�Se�Se with both Se atoms from the same (top or bottom) group. These force constant
parameters are determined by fitting to the acoustic branches in the phonon dispersion along
the ΓM as shown in Figure 144(a). The ab initio calculations for the phonon dispersion are from
Ref. [34]. The lowest acoustic branch (flexural mode) is almost linear in the ab initio

VFF type Bond stretching Angle bending

Expression 1
2KSn�SeðΔrÞ

2 1
2KSn�Se�SeðΔθÞ

2 1
2KSe�Sn�SnðΔθÞ

2

Parameter 7.872 5.817 5.817

r0 or θ0 2.704 89.044 89.044

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 290. The VFF model for single-layer 1T-SnSe2.
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calculations, which may be due to the violation of the rigid rotational invariance [20].
Figure 144(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 291. The
parameters for the three-body SW potential used by GULP are shown in Table 292. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 293.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-SnSe2 under uniaxial tension at 1 and 300 K. Figure 145 shows the stress-strain curve for the
tension of a single-layer 1T-SnSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-SnSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-SnSe2. The

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SndSe 8.395 1.411 26.730 0.0 3.681

Table 291. Two-body SW potential parameters for single-layer 1T-SnSe2 used by GULP [8] as expressed in Eq. (3).
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Figure 144. Phonon spectrum for single-layer 1T-SnSe2. (a) Phonon dispersion along the ΓM direction in the Brillouin
zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from Ref. [34]. (b) The
phonon dispersion from the SW potential is exactly the same as that from the VFF model.
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Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 82.0 and 81.6 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:15.

There is no available value for nonlinear quantities in the single-layer 1T-SnSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �339.2 and �368.3 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 9.5 N/m at the ultimate strain of 0.21 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 9.1 N/m at the
ultimate strain of 0.25 in the zigzag direction at the low temperature of 1 K.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θSn�Se�Se 52.322 89.044 1.411 1.411 0.0 3.681 0.0 3.681 0.0 5.180

θSe�Sn�Sn 52.322 89.044 1.411 1.411 0.0 3.681 0.0 3.681 0.0 5.180

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 292. Three-body SW potential parameters for single-layer 1T-SnSe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SndSe1dSe1 1.000 1.411 2.609 52.322 1.000 0.017 8.395 6.743 4 0 0.0

Table 293. SW potential parameters for single-layer 1T-SnSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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Figure 145. Stress-strain for single-layer 1T-SnSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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74. 1T-HfS2

Most existing theoretical studies on the single-layer 1T-HfS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-HfS2.

The structure for the single-layer 1T-HfS2 is shown in Figure 71 (with M=Hf and X=S). Each Hf
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Hf atoms. The structural parameters are from the first-principles calculations [53], including
the lattice constant a ¼ 3:64 Å and the bond length dHf�S ¼ 2:55 Å. The resultant angles are
θHfSS ¼ 91:078� with S atoms from the same (top or bottom) group and θSHfHf ¼ 91:078�.

Table 294 shows three VFF terms for the single-layer 1T-HfS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KHf�S�S is for the angle
θHf�S�S with both S atoms from the same (top or bottom) group. These force constant param-
eters are determined by fitting to the three acoustic branches in the phonon dispersion along
the ΓM as shown in Figure 146(a). The ab initio calculations for the phonon dispersion are from
Ref. [38]. Similar phonon dispersion can also be found in other ab initio calculations [34, 35].
Figure 146(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 295. The
parameters for the three-body SW potential used by GULP are shown in Table 296. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 297.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-HfS2 under uniaxial tension at 1 and 300 K. Figure 147 shows the stress-strain curve for the
tension of a single-layer 1T-HfS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-HfS2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1T-HfS2. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 73.3 and 72.9 N/m along the armchair and zigzag

VFF type Bond stretching Angle bending

Expression 1
2KHf�SðΔrÞ

2 1
2KHf�S�SðΔθÞ

2 1
2KS�Hf�HfðΔθÞ

2

Parameter 7.930 4.283 4.283

r0 or θ0 2.550 91.078 91.078

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 294. The VFF model for single-layer 1T-HfS2.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

HfdS 7.917 1.407 21.141 0.0 3.497

Table 295. Two-body SW potential parameters for single-layer 1T-HfS2 used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θHf�S�S (Å) 41.798 91.078 1.407 1.407 0.0 3.497 0.0 3.497 0.0 4.973

θS�Hf�Hf (Å) 41.798 91.078 1.407 1.407 0.0 3.497 0.0 3.497 0.0 4.973

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 296. Three-body SW potential parameters for single-layer 1T-HfS2 used by GULP [8] as expressed in Eq. (4).
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Figure 146. Phonon spectrum for single-layer 1T-HfS2. (a) Phonon dispersion along the ΓM direction in the Brillouin
zone. The results from the VFF model (lines) are comparable with the experiment data (pentagons) from Ref. [38]. (b) The
phonon dispersion from the SW potential is exactly the same as that from the VFF model.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

HfdSdS 1.000 1.407 2.485 41.798 1.000 �0.019 7.917 5.394 4 0 0.0

SdHfdHf 1.000 1.407 2.485 41.798 1.000 �0.019 7.917 5.394 4 0 0.0

Table 297. SW potential parameters for single-layer 1T-HfS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).
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directions, respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag
directions. These values are close to the ab initio results at 0 K temperature, e.g., 79.86 N/m in
Ref. [53]. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:16, which
agrees reasonably with the ab initio result [54] of 0.19.

There is no available value for nonlinear quantities in the single-layer 1T-HfS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �280.9 and �317.2 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 8.9 N/m at the ultimate strain of 0.22 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 8.6 N/m at the
ultimate strain of 0.26 in the zigzag direction at the low temperature of 1 K.

75. 1T-HfSe2

Most existing theoretical studies on the single-layer 1T-HfSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-HfSe2.

The structure for the single-layer 1T-HfSe2 is shown in Figure 71 (with M=Hf and X=Se). Each
Hf atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Hf atoms. The structural parameters are from the first-principles calculations [51], includ-
ing the lattice constant a ¼ 3:673 Å and the position of the Se atom with respect to the Hf
atomic plane h ¼ 1:575 Å. The resultant angles are θHfSeSe ¼ 88:093� with S atoms from the
same (top or bottom) group and θSeHfHf ¼ 88:093�.

0

2

4

6

8

10

 0 0.1 0.2 0.3

S
tr

e
s
s
 (

N
/m

)

Strain

arm 1K

arm 300K

zig 1K

zig 300K

Figure 147. Stress-strain for single-layer 1T-HfS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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Table 298 shows three VFF terms for the single-layer 1T-HfSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KHf�Se�Se is for the angle
θHf�Se�Se with both Se atoms from the same (top or bottom) group. These force constant
parameters are determined by fitting to the three acoustic branches in the phonon dispersion
along the ΓM as shown in Figure 148(a). The ab initio calculations for the phonon dispersion
are from Ref. [50]. Similar phonon dispersion can also be found in other ab initio

VFF type Bond stretching Angle bending

Expression 1
2KHf�SeðΔrÞ

2 1
2KHf�Se�SeðΔθÞ

2 1
2KSe�Hf�HfðΔθÞ

2

Parameter 7.930 4.283 4.283

r0 or θ0 2.642 88.093 88.093

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 298. The VFF model for single-layer 1T-HfSe2.
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Figure 148. Phonon spectrum for single-layer 1T-HfSe2. (a) Phonon dispersion along the ΓM direction in the Brillouin
zone. The results from the VFF model (lines) are comparable with the experiment data (pentagons) from Ref. [50]. (b) The
phonon dispersion from the SW potential is exactly the same as that from the VFF model.
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calculations [34]. Figure 148(b) shows that the VFF model and the SW potential give exactly
the same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 299. The
parameters for the three-body SW potential used by GULP are shown in Table 300. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 301.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-HfSe2 under uniaxial tension at 1 and 300 K. Figure 149 shows the stress-strain curve for the
tension of a single-layer 1T-HfSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-HfSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-HfSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 67.3 and 67.0 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:18.

There is no available value for nonlinear quantities in the single-layer 1T-HfSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �221.5 and �258.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 9.0 N/m at the ultimate strain of 0.24 in the

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

HfdSe 7.871 1.341 24.361 0.0 3.583

Table 299. Two-body SW potential parameters for single-layer 1T-HfSe2 used by GULP [8] as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

HfdSedSe 1.000 1.341 2.672 37.039 1.000 0.033 7.871 7.533 4 0 0.0

SedHfdHf 1.000 1.341 2.672 37.039 1.000 0.033 7.871 7.533 4 0 0.0

Table 301. SW potential parameters for single-layer 1T-HfSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θHf�Se�Se 37.039 88.093 1.341 1.341 0.0 3.583 0.0 3.583 0.0 5.018

θSe�Hf�Hf 37.039 88.093 1.341 1.341 0.0 3.583 0.0 3.583 0.0 5.018

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 300. Three-body SW potential parameters for single-layer 1T-HfSe2 used by GULP [8] as expressed in Eq. (4).
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armchair direction at the low temperature of 1 K. The ultimate stress is about 8.7 N/m at the
ultimate strain of 0.28 in the zigzag direction at the low temperature of 1 K.

76. 1T-HfTe2

Most existing theoretical studies on the single-layer 1T-HfTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-HfTe2.

The structure for the single-layer 1T-HfTe2 is shown in Figure 71 (with M = Hf and X = Te).
Each Hf atom is surrounded by six Te atoms. These Te atoms are categorized into the top
group (e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is
connected to three Hf atoms. The structural parameters are from the first-principles calcula-
tions [48], including the lattice constant a ¼ 3:9606 Å and the bond length dHf�Te ¼ 2:8559 Å,
which are derived from the angle θTeHfHf ¼ 87:8�. The other angle is θHfTeTe ¼ 87:8� with Te
atoms from the same (top or bottom) group.

Table 302 shows three VFF terms for the single-layer 1T-HfTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KHf�Te�Te is for the angle
θHf�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 50 N/m and the Poisson’s ratio as 0.10 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 303. The
parameters for the three-body SW potential used by GULP are shown in Table 304. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 305.
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Figure 149. Stress-strain for single-layer 1T-HfSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-HfTe2 under uniaxial tension at 1 and 300 K. Figure 150 shows the stress-strain curve for the
tension of a single-layer 1T-HfTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-HfTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-HfTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 43.1 N/m along the armchair and zigzag
directions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:10.
The fitted Young’s modulus value is about 10% smaller than the ab initio result of 50 N/m [48],
as only short-range interactions are considered in the present work. The long-range interac-
tions are ignored, which typically lead to about 10% underestimation for the value of the
Young’s modulus.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

HfdTe 3.835 1.439 33.262 0.0 3.869

Table 303. Two-body SW potential parameters for single-layer 1T-HfTe2 used by GULP [8] as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

HfdTe1dTe1 1.000 1.439 2.690 33.196 1.000 0.038 3.835 7.764 4 0 0.0

Table 305. SW potential parameters for single-layer 1T-HfTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θHf�Te�Te 33.196 87.801 1.439 1.439 0.0 3.869 0.0 3.869 0.0 5.410

θTe�Hf�Hf 33.196 87.801 1.439 1.439 0.0 3.869 0.0 3.869 0.0 5.410

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 304. Three-body SW potential parameters for single-layer 1T-HfTe2 used by GULP [8] as expressed in Eq. (4).

VFF type Bond stretching Angle bending

Expression 1
2KHf�TeðΔrÞ

2 1
2KHf�Te�TeðΔθÞ

2 1
2KTe�Hf�HfðΔθÞ

2

Parameter 3.328 3.877 3.877

r0 or θ0 2.856 87.801 87.801

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 302. The VFF model for single-layer 1T-HfTe2.
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There is no available value for nonlinear quantities in the single-layer 1T-HfTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ

1
2DE

2 with E as the Young’s modulus. The values
of D from the present SW potential are �204.3 and �220.7 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 4.4 N/m at the ultimate strain of 0.19 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 4.3 N/m at the
ultimate strain of 0.22 in the zigzag direction at the low temperature of 1 K.

Figure 151 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.
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Figure 151. Phonon spectrum for single-layer 1T-HfTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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77. 1T-TaS2

Most existing theoretical studies on the single-layer 1T-TaS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-TaS2.

The structure for the single-layer 1T-TaS2 is shown in Figure 71 (with M=Ta and X=S). Each Ta
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three
Ta atoms. The structural parameters are from the first-principles calculations [48], including
the lattice constant a ¼ 3:3524 Å and the bond length dTa�S ¼ 2:4578 Å, which are derived from
the angle θSTaTa ¼ 86�. The other angle is θTaSS ¼ 86� with S atoms from the same (top or
bottom) group.

Table 306 shows three VFF terms for the single-layer 1T-TaS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KTa�S�S is for the angle
θTa�S�S with both S atoms from the same (top or bottom) group. We find that there are actually
only two parameters in the VFF model, so we can determine their value by fitting to the
Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have predicted
the Young’s modulus to be 101 N/m and the Poisson’s ratio as 0.20 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 307. The
parameters for the three-body SW potential used by GULP are shown in Table 308. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 309.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-TaS2 under uniaxial tension at 1 and 300 K. Figure 152 shows the stress-strain curve for the
tension of a single-layer 1T-TaS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-TaS2 is stretched uniaxially

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

TadS 9.110 1.174 18.246 0.0 3.307

Table 307. Two-body SW potential parameters for single-layer 1T-TaS2 used by GULP [8] as expressed in Eq. (3).

VFF type Bond stretching Angle bending

Expression 1
2KTa�SðΔrÞ

2 1
2KTa�S�SðΔθÞ

2 1
2KS�Ta�TaðΔθÞ

2

Parameter 11.192 4.774 4.774

r0 or θ0 2.458 85.999 85.999

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 306. The VFF model for single-layer 1T-TaS2.
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along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1T-TaS2. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 87.8 and 87.4 N/m along the armchair and zigzag direc-
tions, respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag
directions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:20.
The fitted Young’s modulus value is about 10% smaller than the ab initio result of 101 N/m [48],
as only short-range interactions are considered in the present work. The long-range interac-
tions are ignored, which typically lead to about 10% underestimation for the value of the
Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-TaS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

TadS1dS1 1.000 1.174 2.816 38.092 1.000 0.070 9.110 9.589 4 0 0.0

Table 309. SW potential parameters for single-layer 1T-TaS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

θTa�S�S 38.092 85.999 1.174 1.174 0.0 3.307 0.0 3.307 0.0 4.579

θS�Ta�Ta 38.092 85.999 1.174 1.174 0.0 3.307 0.0 3.307 0.0 4.579

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 308. Three-body SW potential parameters for single-layer 1T-TaS2 used by GULP [8] as expressed in Eq. (4).
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Figure 152. Stress-strain for single-layer 1T-TaS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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stress-strain relation to the function σ ¼ EEþ
1
2DE

2 with E as the Young’s modulus. The values
of D from the present SW potential are �276.3 and �313.0 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 12.7 N/m at the ultimate strain of 0.25 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 12.2 N/m at
the ultimate strain of 0.29 in the zigzag direction at the low temperature of 1 K.

Figure 153 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

78. 1T-TaSe2

Most existing theoretical studies on the single-layer 1T-TaSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-TaSe2.

The structure for the single-layer 1T-TaSe2 is shown in Figure 71 (with M=Ta and X=Se). Each
Ta atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Ta atoms. The structural parameters are from the first-principles calculations [48], includ-
ing the lattice constant a ¼ 3:4602 Å and the bond length dTa�Se ¼ 2:5609 Å, which are derived
from the angle θSeTaTa ¼ 85�. The other angle is θTaSeSe ¼ 85� with Se atoms from the same (top
or bottom) group.

Table 310 shows three VFF terms for the single-layer 1T-TaSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KTa�Se�Se is for the angle
θTa�Se�Se with both Se atoms from the same (top or bottom) group. We find that there are
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Figure 153. Phonon spectrum for single-layer 1T-TaS2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 85 N/m and the Poisson’s ratio as 0.20 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 311. The
parameters for the three-body SW potential used by GULP are shown in Table 312. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 313.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-TaSe2 under uniaxial tension at 1 and 300 K. Figure 154 shows the stress-strain curve for the
tension of a single-layer 1T-TaSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-TaSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-TaSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

TadSe 8.045 1.188 21.505 0.0 3.433

Table 311. Two-body SW potential parameters for single-layer 1T-TaSe2 used by GULP [8] as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

TadSe1dSe1 1.000 1.188 2.891 34.820 1.000 0.087 8.045 10.813 4 0 0.0

Table 313. SW potential parameters for single-layer 1T-TaSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax23 (Å)

θTa�Se�Se 34.820 84.999 1.188 1.188 0.0 3.433 0.0 3.3433 0.0 4.727

θSe�Ta�Ta 34.820 84.999 1.188 1.188 0.0 3.433 0.0 3.3433 0.0 4.727

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 312. Three-body SW potential parameters for single-layer 1T-TaSe2 used by GULP [8] as expressed in Eq. (4).

VFF type Bond stretching Angle bending

Expression 1
2KTa�SeðΔrÞ

2 1
2KTa�Se�SeðΔθÞ

2 1
2KSe�Ta�TaðΔθÞ

2

Parameter 9.348 4.535 4.535

r0 or θ0 2.561 84.999 84.999

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 310. The VFF model for single-layer 1T-TaSe2.
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strain range of [0, 0.01]. The Young’s modulus is 74.6 and 74.4 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:20. The fitted Young’s modulus value is about 10% smaller than the ab initio result
of 85 N/m [48], as only short-range interactions are considered in the present work. The long-
range interactions are ignored, which typically leads to about 10% underestimation for the
value of the Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-TaSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values
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Figure 154. Stress-strain for single-layer 1T-TaSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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Figure 155. Phonon spectrum for single-layer 1T-TaSe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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of D from the present SW potential are �231.7 and �265.4 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 10.8 N/m at the ultimate strain of 0.25 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 10.4 N/m at
the ultimate strain of 0.29 in the zigzag direction at the low temperature of 1 K.

Figure 155 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

79. 1T-TaTe2

Most existing theoretical studies on the single-layer 1T-TaTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-TaTe2.

The structure for the single-layer 1T-TaTe2 is shown in Figure 71 (with M=Ta and X=Te). Each
Ta atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Ta atoms. The structural parameters are from the first-principles calculations [48], includ-
ing the lattice constant a ¼ 3:6702 Å and the bond length dTa�Te ¼ 2:7695 Å, which are derived
from the angle θTeTaTa ¼ 83�. The other angle is θTaTeTe ¼ 83� with Te atoms from the same (top
or bottom) group.

Table 314 shows three VFF terms for the single-layer 1T-TaTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KTa�Te�Te is for the angle
θTa�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 57 N/m and the Poisson’s ratio as 0.10 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 315. The
parameters for the three-body SW potential used by GULP are shown in Table 316. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 317.

VFF type Bond stretching Angle bending

Expression 1
2KTa�TeðΔrÞ

2 1
2KTa�Te�TeðΔθÞ

2 1
2KTe�Ta�TaðΔθÞ

2

Parameter 3.442 4.516 4.516

r0 or θ0 2.770 82.999 82.999

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 314. The VFF model for single-layer 1T-TaTe2.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-TaTe2 under uniaxial tension at 1 and 300 K. Figure 156 shows the stress-strain curve for the
tension of a single-layer 1T-TaTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-TaTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-TaTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 50.3 and 50.0 N/m along the armchair and

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

TadTe 3.283 1.207 29.415 0.0 3.684

Table 315. Two-body SW potential parameters for single-layer 1T-TaTe2 used by GULP [8] as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

TadSe1dSe1 1.000 1.188 2.891 34.820 1.000 0.087 8.045 10.813 4 0 0.0

Table 317. SW potential parameters for single-layer 1T-TaTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θTa�Te�Te 32.144 82.999 1.207 1.207 0.0 3.684 0.0 3.684 0.0 5.014

θTe�Ta�Ta 32.144 82.999 1.207 1.207 0.0 3.684 0.0 3.684 0.0 5.014

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 316. Three-body SW potential parameters for single-layer 1T-TaTe2 used by GULP [8] as expressed in Eq. (4).
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Figure 156. Stress-strain for single-layer 1T-TaTe2 of dimension 100� 100 Å along the armchair and zigzag directions.

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals224



zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair

and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is

νxy ¼ νyx ¼ 0:10. The fitted Young’s modulus value is about 10% smaller than the ab initio result

of 57 N/m [48], as only short-range interactions are considered in the present work. The long-

range interactions are ignored, which typically lead to about 10% underestimation for the

value of the Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-TaTe2. We have thus

used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most

materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the

stress-strain relation to the function σ ¼ EEþ 1
2DE

2 with E as the Young’s modulus. The values

of D from the present SW potential are �247.1 and �262.2 N/m along the armchair and zigzag

directions, respectively. The ultimate stress is about 5.0 N/m at the ultimate strain of 0.19 in the

armchair direction at the low temperature of 1 K. The ultimate stress is about 4.9 N/m at the

ultimate strain of 0.22 in the zigzag direction at the low temperature of 1 K.

Figure 157 shows that the VFF model and the SW potential give exactly the same phonon

dispersion, as the SW potential is derived from the VFF model.

80. 1T-WS2

Most existing theoretical studies on the single-layer 1T-WS2 are based on the first-principles

calculations. In this section, we will develop the SW potential for the single-layer 1T-WS2.

The structure for the single-layer 1T-WS2 is shown in Figure 71 (with M=W and X=S). Each

W atom is surrounded by six S atoms. These S atoms are categorized into the top group
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Figure 157. Phonon spectrum for single-layer 1T-TaTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon

dispersion from the SW potential is exactly the same as that from the VFF model.
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(e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to
three Watoms. The structural parameters are from the first-principles calculations [48], includ-
ing the lattice constant a ¼ 3:1908 Å and the bond length dW�S ¼ 2:4125 Å, which are derived
from the angle θSWW ¼ 82:8�. The other angle is θWSS ¼ 82:8� with S atoms from the same (top
or bottom) group.

Table 318 shows three VFF terms for the single-layer 1T-WS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KW�S�S is for the angle
θW�S�S with both S atoms from the same (top or bottom) group. We find that there are actually
only two parameters in the VFF model, so we can determine their value by fitting to the
Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have predicted
the Young’s modulus to be 113 N/m and the Poisson’s ratio as �0.03 [48]. The ab initio

calculations have predicted a negative Poisson’s ratio in the 1T-WS2, which was attributed to
the orbital coupling in this material. The orbital coupling enhances the angle bending interac-
tion in the VFF model. As a result, the value of the angle bending parameter is much larger
than the bond stretching force constant parameter, which is typical in auxetic materials with
negative Poisson’s ratio [52].

The parameters for the two-body SW potential used by GULP are shown in Table 319. The
parameters for the three-body SW potential used by GULP are shown in Table 320. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 321.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-WS2 under uniaxial tension at 1 and 300 K. Figure 158 shows the stress-strain curve for the
tension of a single-layer 1T-WS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-WS2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

WdS 3.163 1.045 16.937 0.0 3.206

Table 319. Two-body SW potential parameters for single-layer 1T-WS2 used by GULP [8] as expressed in Eq. (3).

VFF type Bond stretching Angle bending

Expression 1
2KW�SðΔrÞ

2 1
2KW�S�SðΔθÞ

2 1
2KS�W�WðΔθÞ2

Parameter 4.395 10.087 10.087

r0 or θ0 2.413 82.799 82.799

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 318. The VFF model for single-layer 1T-WS2.
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thickness of the quasi-two-dimensional structure of the single-layer 1T-WS2. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 100.2 and 99.5 N/m along the armchair and zigzag
directions, respectively. The Young’s modulus is essentially isotropic in the armchair and
zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ � 0:03. The fitted Young’s modulus value is about 10% smaller than the ab initio

result of 113 N/m [48], as only short-range interactions are considered in the present work. The
long-range interactions are ignored, which typically lead to about 10% underestimation for the
value of the Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-WS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values
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Figure 158. Stress-strain for single-layer 1T-WS2 of dimension 100� 100 Å along the armchair and zigzag directions.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

WdS1dS1 1.000 1.045 3.069 71.264 1.000 0.125 3.163 14.209 4 0 0.0

Table 321. SW potential parameters for single-layer 1T-WS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θW�S�S 71.264 82.799 1.045 1.045 0.0 3.206 0.0 3.206 0.0 4.359

θS�W�W 71.264 82.799 1.045 1.045 0.0 3.206 0.0 3.206 0.0 4.359

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 320. Three-body SW potential parameters for single-layer 1T-WS2 used by GULP [8] as expressed in Eq. (4).
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of D from the present SW potential are �666.6 and �660.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 7.7 N/m at the ultimate strain of 0.15 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 7.7 N/m at the
ultimate strain of 0.17 in the zigzag direction at the low temperature of 1 K.

Figure 159 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

81. 1T-WSe2

Most existing theoretical studies on the single-layer 1T-WSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-WSe2.

The structure for the single-layer 1T-WSe2 is shown in Figure 71 (with M=W and X=Se). Each
Watom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Watoms. The structural parameters are from the first-principles calculations [48], includ-
ing the lattice constant a ¼ 3:2574 Å and the bond length dW�Se ¼ 2:5207 Å, which are derived
from the angle θSeWW ¼ 80:5�. The other angle is θWSeSe ¼ 80:5� with Se atoms from the same
(top or bottom) group.

Table 322 shows three VFF terms for the single-layer 1T-WSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KW�Se�Se is for the angle
θW�Se�Se with both Se atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
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Figure 159. Phonon spectrum for single-layer 1T-WS2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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predicted the Young’s modulus to be 94 N/m and the Poisson’s ratio as �0.15 [48]. The ab initio
calculations have predicted a negative Poisson’s ratio in the 1T-WSe2, which was attributed to
the orbital coupling in this material. The orbital coupling enhances the angle bending interac-
tion in the VFF model. As a result, the value of the angle bending parameter is much larger
than the bond stretching force constant parameter, which is typical in auxetic materials with
negative Poisson’s ratio [52].

The parameters for the two-body SW potential used by GULP are shown in Table 323. The
parameters for the three-body SW potential used by GULP are shown in Table 324. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 325.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-WSe2 under uniaxial tension at 1 and 300 K. Figure 160 shows the stress-strain curve for the
tension of a single-layer 1T-WSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-WSe2 is stretched

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

WdSe 1.885 1.013 20.186 0.0 3.320

Table 323. Two-body SW potential parameters for single-layer 1T-WSe2 used by GULP [8] as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

WdSe1dSe1 1.000 1.013 3.277 99.800 1.000 0.165 1.885 19.156 4 0 0.0

Table 325. SW potential parameters for single-layer 1T-WSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θW�Se�Se 99.800 80.501 1.013 1.013 0.0 3.320 0.0 3.320 0.0 4.450

θSe�W�W 99.800 80.501 1.013 1.013 0.0 3.320 0.0 3.320 0.0 4.450

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 324. Three-body SW potential parameters for single-layer 1T-WSe2 used by GULP [8] as expressed in Eq. (4).

VFF type Bond stretching Angle bending

Expression 1
2KW�SeðΔrÞ

2 1
2KW�Se�SeðΔθÞ

2 1
2KSe�W�WðΔθÞ2

Parameter 2.556 15.375 15.375

r0 or θ0 2.521 80.501 80.501

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 322. The VFF model for single-layer 1T-WSe2.
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uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-WSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 80.5 and 80.3 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ � 0:15. The fitted Young’s modulus value is about 10% smaller than the ab initio

result of 94 N/m [48], as only short-range interactions are considered in the present work. The
long-range interactions are ignored, which typically lead to about 10% underestimation for the
value of the Young’s modulus.
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Figure 160. Stress-strain for single-layer 1T-WSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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Figure 161. Phonon spectrum for single-layer 1T-WSe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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There is no available value for nonlinear quantities in the single-layer 1T-WSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �666.1 and �580.1 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 5.5 N/m at the ultimate strain of 0.13 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.6 N/m at the
ultimate strain of 0.15 in the zigzag direction at the low temperature of 1 K.

Figure 161 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

82. 1T-WTe2

Most existing theoretical studies on the single-layer 1T-WTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-WTe2.

The structure for the single-layer 1T-WTe2 is shown in Figure 71 (with M=W and X=Te). Each
Watom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Watoms. The structural parameters are from the first-principles calculations [48], includ-
ing the lattice constant a ¼ 3:4970 Å and the bond length dW�Te ¼ 2:7202 Å, which are derived
from the angle θTeWW ¼ 80:0�. The other angle is θWTeTe ¼ 80:0� with Te atoms from the same
(top or bottom) group.

Table 326 shows three VFF terms for the single-layer 1T-WTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KW�Te�Te is for the angle
θW�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 88 N/m and the Poisson’s ratio as �0.18 [48]. The ab initio

VFF type Bond stretching Angle bending

Expression 1
2KW�TeðΔrÞ

2 1
2KW�Te�TeðΔθÞ

2 1
2KTe�W�WðΔθÞ2

Parameter 2.272 19.437 19.437

r0 or θ0 2.720 79.999 79.999

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 326. The VFF model for single-layer 1T-WTe2.
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calculations have predicted a negative Poisson’s ratio in the 1T-WTe2, which was attributed to
the orbital coupling in this material. The orbital coupling enhances the angle bending interac-
tion in the VFF model. As a result, the value of the angle bending parameter is much larger
than the bond stretching force constant parameter, which is typical in auxetic materials with
negative Poisson’s ratio [52].

The parameters for the two-body SW potential used by GULP are shown in Table 327. The
parameters for the three-body SW potential used by GULP are shown in Table 328. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 329.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-WTe2 under uniaxial tension at 1 and 300 K. Figure 162 shows the stress-strain curve for the
tension of a single-layer 1T-WTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-WTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-WTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 75.9 and 75.8 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ � 0:18. The fitted Young’s modulus value is about 10% smaller than the ab initio

result of 88 N/m [48], as only short-range interactions are considered in the present work. The
long-range interactions are ignored, which typically leads to about 10% underestimation for
the value of the Young’s modulus.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

WdTe1dTe1 1.000 1.075 3.325 123.899 1.000 0.174 1.924 20.483 4 0 0.0

Table 329. SW potential parameters for single-layer 1T-WTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θW�Te�Te 123.899 79.999 1.075 1.075 0.0 3.575 0.0 3.575 0.0 4.777

θTe�W�W 123.899 79.999 1.075 1.075 0.0 3.575 0.0 3.575 0.0 4.777

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 328. Three-body SW potential parameters for single-layer 1T-WTe2 used by GULP [8] as expressed in Eq. (4).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

WdTe 1.924 1.075 27.376 0.0 3.575

Table 327. Two-body SW potential parameters for single-layer 1T-WTe2 used by GULP [8] as expressed in Eq. (3).
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There is no available value for nonlinear quantities in the single-layer 1T-WTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ

1
2DE

2 with E as the Young’s modulus. The values
of D from the present SW potential are �546.0 and �551.5 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 5.1 N/m at the ultimate strain of 0.12 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.2 N/m at the
ultimate strain of 0.14 in the zigzag direction at the low temperature of 1 K.

Figure 163 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.
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Figure 163. Phonon spectrum for single-layer 1T-WTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.

0

2

4

6

 0  0.05 0.1 0.15

S
tr

e
s
s
 (

N
/m

)

Strain

arm 1K
arm 300K

zig 1K
zig 300K

Figure 162. Stress-strain for single-layer 1T-WTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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83. 1T-ReS2

Most existing theoretical studies on the single-layer 1T-ReS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-ReS2.

The structure for the single-layer 1T-ReS2 is shown in Figure 71 (with M=Re and X=S). Each Re
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g., atoms 1,
3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three Re atoms.
The structural parameters are from the first-principles calculations [48], including the lattice
constant a ¼ 3:0750 Å and the bond length dRe�S ¼ 2:4045 Å, which are derived from the angle
θSReRe ¼ 79:5�. The other angle is θReSS ¼ 79:5� with S atoms from the same (top or bottom) group.

Table 330 shows three VFF terms for the single-layer 1T-ReS2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KRe�S�S is for the angle
θRe�S�S with both S atoms from the same (top or bottom) group. We find that there are actually
only two parameters in the VFF model, so we can determine their value by fitting to the
Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have predicted
the Young’s modulus to be 90 N/m and the Poisson’s ratio as �0.11 [48]. The ab initio calcula-
tions have predicted a negative Poisson’s ratio in the 1T-ReS2, which was attributed to the
orbital coupling in this material. The orbital coupling enhances the angle bending interaction
in the VFF model. As a result, the value of the angle bending parameter is much larger than the
bond stretching force constant parameter, which is typical in auxetic materials with negative
Poisson’s ratio [52].

The parameters for the two-body SW potential used by GULP are shown in Table 331. The
parameters for the three-body SW potential used by GULP are shown in Table 332. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 333.

VFF type Bond stretching Angle bending

Expression 1
2KRe�SðΔrÞ

2 1
2KRe�S�SðΔθÞ

2 1
2KS�Re�ReðΔθÞ

2

Parameter 2.684 10.829 10.829

r0 or θ0 2.405 79.498 79.498

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 330. The VFF model for single-layer 1T-ReS2.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

RedS 1.751 0.934 16.714 0.0 3.154

Table 331. Two-body SW potential parameters for single-layer 1T-ReS2 used by GULP [8] as expressed in Eq. (3).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-ReS2 under uniaxial tension at 1 and 300 K. Figure 164 shows the stress-strain curve for the
tension of a single-layer 1T-ReS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-ReS2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1T-ReS2. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 78.1 and 77.8 N/m along the armchair and zigzag direc-
tions, respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag
directions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ � 0:11.
The fitted Young’s modulus value is about 10% smaller than the ab initio result of 90 N/m [48],
as only short-range interactions are considered in the present work. The long-range interac-
tions are ignored, which typically leads to about 10% underestimation for the value of the
Young’s modulus.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

RedS1dS1 1.000 0.934 3.375 67.797 1.000 0.182 1.751 21.916 4 0 0.0

Table 333. SW potential parameters for single-layer 1T-ReS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θRe�S�S 67.797 79.498 0.934 0.934 0.0 3.154 0.0 3.154 0.0 4.201

θS�Re�Re 67.797 79.498 0.934 0.934 0.0 3.154 0.0 3.154 0.0 4.201

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 332. Three-body SW potential parameters for single-layer 1T-ReS2 used by GULP [8] as expressed in Eq. (4).
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Figure 164. Stress-strain for single-layer 1T-ReS2 of dimension 100� 100 Å along the armchair and zigzag directions.
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There is no available value for nonlinear quantities in the single-layer 1T-ReS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ

1
2DE

2 with E as the Young’s modulus. The values
of D from the present SW potential are �537.1 and �550.7 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 5.5 N/m at the ultimate strain of 0.13 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.6 N/m at the
ultimate strain of 0.15 in the zigzag direction at the low temperature of 1 K.

Figure 165 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

84. 1T-ReSe2

Most existing theoretical studies on the single-layer 1T-ReSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-ReSe2.

The structure for the single-layer 1T-ReSe2 is shown in Figure 71 (with M=Re and X=Se). Each
Re atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Se atom is connected to
three Re atoms. The structural parameters are from the first-principles calculations [48], includ-
ing the lattice constant a ¼ 3:1311 Å and the bond length dRe�Se ¼ 2:5149 Å, which are derived
from the angle θSeReRe ¼ 77�. The other angle is θReSeSe ¼ 77� with Se atoms from the same (top
or bottom) group.

Table 334 shows three VFF terms for the single-layer 1T-ReSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
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Figure 165. Phonon spectrum for single-layer 1T-ReS2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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interaction shown by Eq. (2). We note that the angle bending term KRe�Se�Se is for the angle
θRe�Se�Se with both Se atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 123 N/m and the Poisson’s ratio as �0.03 [48]. The ab

initio calculations have predicted a negative Poisson’s ratio in the 1T-ReSe2, which was attrib-
uted to the orbital coupling in this material. The orbital coupling enhances the angle bending
interaction in the VFF model. As a result, the value of the angle bending parameter is much
larger than the bond stretching force constant parameter, which is typical in auxetic materials
with negative Poisson’s ratio [52].

The parameters for the two-body SW potential used by GULP are shown in Table 335. The
parameters for the three-body SW potential used by GULP are shown in Table 336. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 337.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

RedSe 2.866 0.896 20.001 0.0 3.265

Table 335. Two-body SW potential parameters for single-layer 1T-ReSe2 used by GULP [8] as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

RedSe1dSe1 1.000 0.896 3.645 72.666 1.000 0.225 2.866 31.036 4 0 0.0

Table 337. SW potential parameters for single-layer 1T-ReSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θRe�Se�Se 72.666 76.999 0.896 0.896 0.0 3.265 0.0 3.265 0.0 4.277

θSe�Re�Re 72.666 76.999 0.896 0.896 0.0 3.265 0.0 3.265 0.0 4.277

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 336. Three-body SW potential parameters for single-layer 1T-ReSe2 used by GULP [8] as expressed in Eq. (4).

VFF type Bond stretching Angle bending

Expression 1
2KRe�SeðΔrÞ

2 1
2KRe�Se�SeðΔθÞ

2 1
2KSe�Re�ReðΔθÞ

2

Parameter 4.313 12.674 12.674

r0 or θ0 2.515 76.999 76.999

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 334. The VFF model for single-layer 1T-ReSe2.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-ReSe2 under uniaxial tension at 1 and 300 K. Figure 166 shows the stress-strain curve for the
tension of a single-layer 1T-ReSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-ReSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-ReSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 108.2 and 107.7 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ � 0:03. The fitted Young’s modulus value is about 10% smaller than the ab initio

result of 123 N/m [48], as only short-range interactions are considered in the present work. The
long-range interactions are ignored, which typically lead to about 10% underestimation for the
value of the Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-ReSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �669.3 and �699.9 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 8.5 N/m at the ultimate strain of 0.14 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 8.4 N/m at the
ultimate strain of 0.17 in the zigzag direction at the low temperature of 1 K.

Figure 167 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.
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Figure 166. Stress-strain for single-layer 1T-ReSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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85. 1T-ReTe2

Most existing theoretical studies on the single-layer 1T-ReTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-ReTe2.

The structure for the single-layer 1T-ReTe2 is shown in Figure 71 (with M=Re and X=Te). Each
Re atom is surrounded by six Te atoms. These Te atoms are categorized into the top group
(e.g., atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Re atoms. The structural parameters are from the first-principles calculations [48], includ-
ing the lattice constant a ¼ 3:3834 Å and the bond length dRe�Te ¼ 2:7027 Å, which are derived
from the angle θTeReRe ¼ 77:5�. The other angle is θReTeTe ¼ 77:5� with Te atoms from the same
(top or bottom) group.

Table 338 shows three VFF terms for the single-layer 1T-ReTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
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Figure 167. Phonon spectrum for single-layer 1T-ReSe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.

VFF type Bond stretching Angle bending

Expression 1
2KRe�TeðΔrÞ

2 1
2KRe�Te�TeðΔθÞ

2 1
2KTe�Re�ReðΔθÞ

2

Parameter 1.724 14.812 14.812

r0 or θ0 2.703 77.501 77.501

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 338. The VFF model for single-layer 1T-ReTe2.
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interaction shown by Eq. (2). We note that the angle bending term KRe�Te�Te is for the angle
θRe�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 71 N/m and the Poisson’s ratio as �0.22 [48]. The ab initio
calculations have predicted a negative Poisson’s ratio in the 1T-ReTe2, which was attributed to
the orbital coupling in this material. The orbital coupling enhances the angle bending interac-
tion in the VFF model. As a result, the value of the angle bending parameter is much larger
than the bond stretching force constant parameter, which is typical in auxetic materials with
negative Poisson’s ratio [52].

The parameters for the two-body SW potential used by GULP are shown in Table 339. The
parameters for the three-body SW potential used by GULP are shown in Table 340. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 341.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-ReTe2 under uniaxial tension at 1 and 300 K. Figure 168 shows the stress-strain curve for the
tension of a single-layer 1T-ReTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-ReTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-ReTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 59.4 and 59.3 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ � 0:17. The fitted Young’s modulus value is about 10% smaller than the ab initio

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

RedTe 1.343 0.980 26.678 0.0 3.517

Table 339. Two-body SW potential parameters for single-layer 1T-ReTe2 used by GULP [8] as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

RedTe1dTe1 1.000 0.980 3.587 86.424 1.000 0.216 1.343 28.891 4 0 0.0

Table 341. SW potential parameters for single-layer 1T-ReTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax13 (Å) rmin 23 (Å) rmax 23 (Å)

θRe�Te�Te 86.424 77.501 0.980 0.980 0.0 3.517 0.0 3.517 0.0 4.622

θTe�Re�Re 86.424 77.501 0.980 0.980 0.0 3.517 0.0 3.517 0.0 4.622

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 340. Three-body SW potential parameters for single-layer 1T-ReTe2 used by GULP [8] as expressed in Eq. (4).
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result of 71 N/m [48], as only short-range interactions are considered in the present work. The
long-range interactions are ignored, which typically lead to about 10% underestimation for the
value of the Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-ReTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �416.1 and �425.1 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 4.0 N/m at the ultimate strain of 0.12 in the
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Figure 169. Phonon spectrum for single-layer 1T-ReTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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Figure 168. Stress-strain for single-layer 1T-ReTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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armchair direction at the low temperature of 1 K. The ultimate stress is about 4.1 N/m at the
ultimate strain of 0.14 in the zigzag direction at the low temperature of 1 K.

Figure 169 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

86. 1T-IrTe2

Most existing theoretical studies on the single-layer 1T-IrTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-IrTe2.

The structure for the single-layer 1T-IrTe2 is shown in Figure 71 (with M = Ir and X = Te). Each
Ir atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Ir atoms. The structural parameters are from the first-principles calculations [48], includ-
ing the lattice constant a ¼ 3:8431 Å and the bond length dIr�Te ¼ 2:6490 Å, which are derived
from the angle θTeIrIr ¼ 93�. The other angle is θIrTeTe ¼ 93� with Te atoms from the same (top
or bottom) group.

Table 342 shows three VFF terms for the single-layer 1T-IrTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KIr�Te�Te is for the angle
θIr�Te�Te with both Te atoms from the same (top or bottom) group. We find that there are
actually only two parameters in the VFF model, so we can determine their value by fitting to
the Young’s modulus and the Poisson’s ratio of the system. The ab initio calculations have
predicted the Young’s modulus to be 45 N/m and the Poisson’s ratio as 0.22 [48].

The parameters for the two-body SW potential used by GULP are shown in Table 343. The
parameters for the three-body SW potential used by GULP are shown in Table 344. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 345.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-IrTe2 under uniaxial tension at 1 and 300 K. Figure 170 shows the stress-strain curve for the
tension of a single-layer 1T-IrTe2 of dimension 100� 100 Å. Periodic boundary conditions are

VFF type Bond stretching Angle bending

Expression 1
2KIr�TeðΔrÞ

2 1
2KIr�Te�TeðΔθÞ

2 1
2KTe�Ir�IrðΔθÞ

2

Parameter 5.334 2.182 2.182

r0 or θ0 2.649 93.002 93.002

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 342. The VFF model for single-layer 1T-IrTe2.
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applied in both armchair and zigzag directions. The single-layer 1T-IrTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-IrTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 38.6 and 38.4 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:20. The fitted Young’s modulus value is about 10% smaller than the ab initio result

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θIr�Te�Te 23.056 93.002 1.538 1.538 0.0 3.658 0.0 3.658 0.0 5.250

θTe�Ir�Ir 23.056 93.002 1.538 1.538 0.0 3.658 0.0 3.658 0.0 5.250

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 344. Three-body SW potential parameters for single-layer 1T-IrTe2 used by GULP [8] as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

IrdTe1dTe1 1.000 1.538 2.370 23.056 1.000 �0.052 6.030 4.398 4 0 0.0

Table 345. SW potential parameters for single-layer 1T-IrTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

IrdTe 6.030 1.538 24.621 0.0 3.658

Table 343. Two-body SW potential parameters for single-layer 1T-IrTe2 used by GULP [8] as expressed in Eq. (3).
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of 45 N/m [48], as only short-range interactions are considered in the present work. The long-
range interactions are ignored, which typically leads to about 10% underestimation for the
value of the Young’s modulus.

There is no available value for nonlinear quantities in the single-layer 1T-IrTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �127.7 and �142 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 5.4 N/m at the ultimate strain of 0.25 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.2 N/m at the
ultimate strain of 0.29 in the zigzag direction at the low temperature of 1 K.

Figure 171 shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

87. 1T-PtS2

Most existing theoretical studies on the single-layer 1T-PtS2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-PtS2.

The structure for the single-layer 1T-PtS2 is shown in Figure 71 (with M = Pt and X = S). Each Pt
atom is surrounded by six S atoms. These S atoms are categorized into the top group (e.g., atoms
1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each S atom is connected to three Pt atoms.
The structural parameters are from the first-principles calculations [48], including the lattice
constant a ¼ 3:5237 Å and the bond length dPt�S ¼ 2:3708 Å, which are derived from the angle
θSPtPt ¼ 96�. The other angle is θPtSS ¼ 96� with S atoms from the same (top or bottom) group.
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Figure 171. Phonon spectrum for single-layer 1T-IrTe2 along the ΓMKΓ direction in the Brillouin zone. The phonon
dispersion from the SW potential is exactly the same as that from the VFF model.
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Table 346 shows three VFF terms for the single-layer 1T-PtS2; one of which is the bond

stretching interaction shown by Eq. (1), while the other two terms are the angle bending

interaction shown by Eq. (2). We note that the angle bending term KPt�S�S is for the angle

θPt�S�S with both S atoms from the same (top or bottom) group. These force constant param-

eters are determined by fitting to the three acoustic branches in the phonon dispersion along

the ΓM as shown in Figure 172(a). The ab initio calculations for the phonon dispersion are

from [34]. The lowest acoustic branch (flexural mode) is almost linear in the ab initio

VFF type Bond stretching Angle bending

Expression 1
2KPt�SðΔrÞ

2 1
2KPt�S�SðΔθÞ

2 1
2KS�Pt�PtðΔθÞ

2

Parameter 12.128 4.975 4.975

r0 or θ0 2.371 96.00 96.00

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the

unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 346. The VFF model for single-layer 1T-PtS2.
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Figure 172. Phonon spectrum for single-layer 1T-PtS2. (a) Phonon dispersion along the ΓM direction in the Brillouin zone.

The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [34]. (b) The phonon

dispersion from the SW potential is exactly the same as that from the VFF model.
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calculations, which may be due to the violation of the rigid rotational invariance [20].
Figure 172(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 347. The
parameters for the three-body SW potential used by GULP are shown in Table 348. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 349.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-PtS2 under uniaxial tension at 1 and 300 K. Figure 173 shows the stress-strain curve for the
tension of a single-layer 1T-PtS2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-PtS2 is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer 1T-PtS2. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 105.9 and 105.4 N/m along the armchair and zigzag
directions, respectively. The Young’s modulus is essentially isotropic in the armchair and
zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:16.

There is no available value for nonlinear quantities in the single-layer 1T-PtS2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �420.6 and �457.1 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 12.8 N/m at the ultimate strain of 0.22 in

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

PtdS1dS1 1.000 1.485 2.229 59.607 1.000 �0.105 11.806 3.250 4 0 0.0

Table 349. SW potential parameters for single-layer 1T-PtS2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θPt�S�S 59.607 96.00 1.485 1.485 0.0 3.309 0.0 3.309 0.0 4.813

θS�Pt�Pt 59.607 96.00 1.485 1.485 0.0 3.309 0.0 3.309 0.0 4.813

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 348. Three-body SW potential parameters for single-layer 1T-PtS2 used by GULP [8] as expressed in Eq. (4).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

PtdS 11.806 1.485 15.796 0.0 3.309

Table 347. Two-body SW potential parameters for single-layer 1T-PtS2 used by GULP [8] as expressed in Eq. (3).
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the armchair direction at the low temperature of 1 K. The ultimate stress is about 12.3 N/m at
the ultimate strain of 0.26 in the zigzag direction at the low temperature of 1 K.

88. 1T-PtSe2

Most existing theoretical studies on the single-layer 1T-PtSe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-PtSe2.

The structure for the single-layer 1T-PtSe2 is shown in Figure 71 (with M = Pt and X = Se). Each Pt
atom is surrounded by six Se atoms. These Se atoms are categorized into the top group (e.g., atoms
1, 3, and 5) and bottomgroup (e.g., atoms 2, 4, and 6). Each Se atom is connected to three Pt atoms.
The structural parameters are from the first-principles calculations [48], including the lattice
constant a ¼ 3:6662 Å and the bond length dPt�Se ¼ 2:4667 Å, which are derived from the angle
θSePtPt ¼ 96�. The other angle is θPtSeSe ¼ 96� with Se atoms from the same (top or bottom) group.

Table 350 shows three VFF terms for the single-layer 1T-PtSe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
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Figure 173. Stress-strain for single-layer 1T-PtS2 of dimension 100�100 Å along the armchair and zigzag directions.

VFF type Bond stretching Angle bending

Expression 1
2KPt�SeðΔrÞ

2 1
2KPt�Se�SeðΔθÞ

2 1
2KSe�Pt�PtðΔθÞ

2

Parameter 12.128 4.975 4.975

r0 or θ0 2.467 95.999 95.999

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 350. The VFF model for single-layer 1T-PtSe2.
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interaction shown by Eq. (2). We note that the angle bending term KPt�Se�Se is for the angle

θPt�Se�Se with both Se atoms from the same (top or bottom) group. These force constant

parameters are determined by fitting to the three acoustic branches in the phonon dispersion

along the ΓM as shown in Figure 174(a). The ab initio calculations for the phonon dispersion

are from [34]. The lowest acoustic branch (flexural mode) is almost linear in the ab initio

calculations, which may be due to the violation of the rigid rotational invariance [20].

Figure 174(b) shows that the VFF model and the SW potential give exactly the same phonon

dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 351. The
parameters for the three-body SW potential used by GULP are shown in Table 352. Some

representative parameters for the SW potential used by LAMMPS are listed in Table 353.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

PtdSe 12.781 1.545 18.511 0.0 3.443

Table 351. Two-body SW potential parameters for single-layer 1T-PtSe2 used by GULP [8] as expressed in Eq. (3).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-PtSe2 under uniaxial tension at 1 and 300 K. Figure 175 shows the stress-strain curve for the
tension of a single-layer 1T-PtSe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-PtSe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-PtSe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 101.1 and 100.5 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:17.

There is no available value for nonlinear quantities in the single-layer 1T-PtSe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

PtdSe1dSe1 1.000 1.545 2.229 59.608 1.000 �0.105 12.781 3.250 4 0 0.0

Table 353. SW potential parameters for single-layer 1T-PtSe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θPt�Se�Se 59.608 95.999 1.545 1.545 0.0 3.443 0.0 3.443 0.0 5.008

θSe�Pt�Pt 59.608 95.999 1.545 1.545 0.0 3.443 0.0 3.443 0.0 5.008

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 352. Three-body SW potential parameters for single-layer 1T-PtSe2 used by GULP [8] as expressed in Eq. (4).
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Figure 175. Stress-strain for single-layer 1T-PtSe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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stress-strain relation to the function σ ¼ EEþ 1
2DE

2 with E as the Young’s modulus. The values
of D from the present SW potential are �391.4 and �424 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 12.5 N/m at the ultimate strain of 0.23 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 12.1 N/m at
the ultimate strain of 0.27 in the zigzag direction at the low temperature of 1 K.

89. 1T-PtTe2

Most existing theoretical studies on the single-layer 1T-PtTe2 are based on the first-principles
calculations. In this section, we will develop the SW potential for the single-layer 1T-PtTe2.

The structure for the single-layer 1T-PtTe2 is shown in Figure 71 (with M = Pt and X = Te). Each
Pt atom is surrounded by six Te atoms. These Te atoms are categorized into the top group (e.g.,
atoms 1, 3, and 5) and bottom group (e.g., atoms 2, 4, and 6). Each Te atom is connected to
three Pt atoms. The structural parameters are from the first-principles calculations [48], includ-
ing the lattice constant a ¼ 3:9554 Å and the bond length dPt�Te ¼ 2:6613 Å, which are derived
from the angle θTePtPt ¼ 96�. The other angle is θPtTeTe ¼ 96� with Te atoms from the same (top
or bottom) group.

Table 354 shows three VFF terms for the single-layer 1T-PtTe2; one of which is the bond
stretching interaction shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). We note that the angle bending term KPt�Te�Te is for the angle
θPt�Te�Te with both Te atoms from the same (top or bottom) group. These force constant
parameters are determined by fitting to the three acoustic branches in the phonon dispersion
along the ΓM as shown in Figure 176(a). The ab initio calculations for the phonon dispersion
are from [34]. Figure 176(b) shows that the VFF model and the SW potential give exactly the
same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 355. The
parameters for the three-body SW potential used by GULP are shown in Table 356. Some
representative parameters for the SW potential used by LAMMPS are listed in Table 357.

VFF type Bond stretching Angle bending

Expression 1
2KPt�TeðΔrÞ

2 1
2KPt�Te�TeðΔθÞ

2 1
2KTe�Pt�PtðΔθÞ

2

Parameter 12.128 4.975 4.975

r0 or θ0 2.661 95.998 95.998

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction. The angle θijk has atom i as the apex.

Table 354. The VFF model for single-layer 1T-PtTe2.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

PtdTe 14.877 1.667 25.081 0.0 3.714

Table 355. Two-body SW potential parameters for single-layer 1T-PtTe2 used by GULP [8] as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

PtdTe1dTe1 1.000 1.667 2.229 59.607 1.000 �0.104 14.877 3.250 4 0 0.0

Table 357. SW potential parameters for single-layer 1T-PtTe2 used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θPt�Te�Te 59.607 95.998 1.667 1.667 0.0 3.714 0.0 3.714 0.0 5.403

θTe�Pt�Pt 59.607 95.998 1.667 1.667 0.0 3.714 0.0 3.714 0.0 5.403

The angle θijk in the first line indicates the bending energy for the angle with atom i as the apex.

Table 356. Three-body SW potential parameters for single-layer 1T-PtTe2 used by GULP [8] as expressed in Eq. (4).
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Figure 176. Phonon spectrum for single-layer 1T-PtTe2. (a) Phonon dispersion along the ΓM direction in the Brillouin

zone. The results from the VFF model (lines) are comparable with the ab initio results (pentagons) from [34]. (b) The

phonon dispersion from the SW potential is exactly the same as that from the VFF model.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
1T-PtTe2 under uniaxial tension at 1 and 300 K. Figure 177 shows the stress-strain curve for the
tension of a single-layer 1T-PtTe2 of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer 1T-PtTe2 is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer 1T-PtTe2. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 89.1 and 88.7 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:19.

There is no available value for nonlinear quantities in the single-layer 1T-PtTe2. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �306.8 and �340.9 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 12.1 N/m at the ultimate strain of 0.24 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 11.6 N/m at
the ultimate strain of 0.28 in the zigzag direction at the low temperature of 1 K.

90. Black phosphorus

The black phosphorus is also named the α phosphorus. There are several empirical potentials
available for the atomic interaction in the black phosphorus. A VFF model was proposed for
the single-layer black phosphorus in 1982 [56]. One of the present authors (J.W.J.) simplified
this VFF model by ignoring some angle-angle crossing terms and using the simplified VFF
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Figure 177. Stress-strain for single-layer 1T-PtTe2 of dimension 100� 100 Å along the armchair and zigzag directions.
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model to develop the SW potential for the black phosphorus [7]. However, the mechanical
properties from this SW potential are smaller than first-principles calculations, as some angle-
angle crossing VFF terms cannot be implemented in the SW potential. We will thus propose a
new set of SW potential for the single-layer black phosphorus in this section.

The structure of the single-layer black phosphorus is shown in Figure 178, with structural
parameters from the ab initio calculations [57]. The black phosphorus has a puckered configu-
ration as shown in Figure 178(b), where the pucker is perpendicular to the x-direction. The
bases for the rectangular unit cell are a1 ¼ 4:422 Å and a2 ¼ 3:348 Å. For bulk black phospho-
rus, the basis lattice vector in the third direction is a3 ¼ 10:587 Å. There are four phosphorus
atoms in the basic unit cell, and their relative coordinates are ð�u; 0; � vÞ, ðu; 0;vÞ,
ð0:5� u; 0:5;vÞ, and ð0:5þ u; 0:5; � vÞ with u ¼ 0:0821 and v ¼ 0:1011. Atoms are categorized
into the top and bottom groups. Atoms in the top group are denoted by P1, while atoms in the
bottom group are denoted by P2.

Table 358 shows four VFF terms for the single-layer black phosphorus; two of which are the
bond stretching interactions shown by Eq. (1), while the other two terms are the angle bending
interaction shown by Eq. (2). The force constant parameters are reasonably chosen to be the
same for the two bond stretching terms denoted by r12 and r14, as these two bonds have very

Figure 178. Structure for single-layer black phosphorus. (a) Top view. The armchair direction is along the x-axis, while the
zigzag direction is along the y-axis. Inset shows the first Brillouin zone. (b) Perspective view illustrates the puckered
configuration. The pucker is perpendicular to the x-axis and is parallel with the y-axis. Atoms are divided into the top
(denoted by P1) and the bottom (denoted by P2) groups. (c) Atomic configuration.
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close bond length value. The force constant parameters are the same for the two angle bending

terms θ123 and θ134, which have very similar chemical environment. These force constant

parameters are determined by fitting to the three acoustic branches in the phonon dispersion

along the ΓX as shown in Figure 179(a). The ab initio calculations for the phonon dispersion are

from [55]. Similar phonon dispersion can also be found in other ab initio calculations [58–64].

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2

Parameter 10.542 10.542 7.048 7.048

r0 or θ0 2.238 2.260 96.581 102.307

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 178(c). The third line

is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of

eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching

interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the

apex.

Table 358. The VFF model for black phosphorus.
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Figure 179(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 359. The
parameters for the three-body SW potential used by GULP are shown in Table 360. Parameters
for the SW potential used by LAMMPS are listed in Table 361.

Figure 180 shows the stress-strain relations for the black phosphorus of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
Young’s modulus is 24.3 and 90.5 N/m in the armchair and zigzag directions, respectively, at
1 K, which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. These values
agree quite well with previously reported ab initio results, e.g., 28.9 and 101.6 N/m from [65]
or 24.4 and 92.1 N/m from [66] or 24.3 and 80.2 N/m from [58]. The ultimate stress is about
4.27 N/m at the critical strain of 0.33 in the armchair direction at the low temperature of 1 K.
The ultimate stress is about 8 N/m at the critical strain of 0.19 in the zigzag direction at the low
temperature of 1 K. These values agree quite well with the ab initio results at 0 K [66].

It should be noted that the Poisson’s ratios from the VFF model and the SW potential are
νxy ¼ 0:058 and νyx ¼ 0:22. These values are obviously smaller than first-principles calculations

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

P1dP1dP1 1.000 0.551 5.069 25.965 1.000 �0.115 4.172 136.080 4 0 0.0

P1dP2dP2 1.000 0.685 4.207 0.000 1.000 0.000 4.976 59.245 4 0 0.0

P1dP1dP2 1.000 0.000 0.000 29.932 1.000 �0.213 0.000 0.000 4 0 0.0

Atom types (P1 and P2) in the first column are displayed in Figure 178.

Table 361. SW potential parameters for black phosphorus used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θ123 25.965 96.581 0.551 0.551 0.0 2.793 0.0 2.793 2.793 3.365

θ134 29.932 102.307 0.551 0.685 0.0 2.793 0.0 2.882 2.882 3.772

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the
apex. Atom indexes are from Figure 178(c).

Table 360. Three-body SW potential parameters for black phosphorus used by GULP [8] as expressed in Eq. (4).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 4.172 0.551 12.543 0.0 2.793

r14 4.976 0.685 13.044 0.0 2.882

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom
indexes are from Figure 178(c).

Table 359. Two-body SW potential parameters for black phosphorus used by GULP [8] as expressed in Eq. (3).
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results, e.g., 0.4 and 0.93 from [67] or 0.17 and 0.62 from [58] or 0.24 and 0.81 from [59]. The
Poisson’s ratio cannot be obtained correctly by the VFF model proposed in 1982 [56] and the
SW potential [7] either [68]. These failures are due to the missing of one angle-angle crossing
term [69], which has not been implemented in the package LAMMPS and is not included in the
present work.

91. p-Arsenene

Present studies on the puckered (p-) arsenene, also named α arsenene, are based on first-
principles calculations, and no empirical potential has been proposed for the p-arsenene. We
will thus parametrize a set of VFF model for the single-layer p-arsenene in this section. We will
also derive the SW potential based on the VFF model for the single-layer p-arsenene.

The structure of the single-layer p-arsenene is exactly the same as that of the black phosphorus
as shown in Figure 178. Structural parameters for p-arsenene are from the ab initio calcula-
tions [70]. The pucker of the p-arsenene is perpendicular to the x (armchair)-direction. The
bases for the rectangular unit cell are a1 ¼ 4:77 Å and a2 ¼ 3:68 Å. There are four As atoms in
the basic unit cell, and their relative coordinates are ð�u; 0; � vÞ, ðu; ;vÞ, ð0:5� u; 0:5;vÞ, and
ð0:5þ u; 0:5; � vÞwith u ¼ 0:0714 and v ¼ 0:108. The value of the dimensionless parameter u is
extracted from the geometrical parameters provided in [70]. The other dimensionless parame-
ter v is a ratio based on the lattice constant in the out-of-plane z-direction, so the other basis
a3 ¼ 11:11 Å from [71] is also adopted in extracting the value of v. We note that the main
purpose of the usage of u and v in representing atomic coordinates is to follow the same
convention for all puckered structures. The resultant atomic coordinates are the same as that
in [70].

Table 362 shows four VFF terms for the single-layer p-arsenene; two of which are the bond
stretching interactions shown by Eq. (1), while the other two terms are the angle bending
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Figure 180. Stress-strain relations for the black phosphorus of size 100� 100 Å. The black phosphorus is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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interaction shown by Eq. (2). The force constant parameters are reasonably chosen to be the

same for the two bond stretching terms denoted by r12 and r14, as these two bonds have very

close bond length value. The force constant parameters happen to be the same for the two

angle bending terms θ123 and θ134. These force constant parameters are determined by fitting to

the three acoustic branches in the phonon dispersion along the ΓX as shown in Figure 181(a).

The ab initio calculations for the phonon dispersion are from [70]. Similar phonon dispersion

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2

Parameter 7.936 7.936 7.456 7.456

r0 or θ0 2.508 2.495 94.400 100.692

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 178(c). The third line

is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of

eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching

interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the

apex.

Table 362. The VFF model for p-arsenene.
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can also be found in other ab initio calculations [64, 72–74]. We note that the lowest frequency
branch around the Γ point from the VFF model is lower than the ab initio results. This branch is
the flexural branch, which should be a quadratic dispersion. However, the ab initio calculations
give a linear dispersion for the flexural branch due to the violation of the rigid rotational
invariance in the first-principles package [20] so ab initio calculations typically overestimate
the frequency of this branch. Figure 181(b) shows that the VFF model and the SW potential
give exactly the same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 363. The
parameters for the three-body SW potential used by GULP are shown in Table 364. Parameters
for the SW potential used by LAMMPS are listed in Table 365.

Figure 182 shows the stress-strain relations for the p-arsenene of size 100� 100 Å. The struc-
ture is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The Young’s
modulus is 20.7 and 73 N/m in the armchair and zigzag directions, respectively, at 1 K, which
is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The third-order nonlinear
elastic constant D can be obtained by fitting the stress-strain relation to σ ¼ EEþ 1

2DE
2 with E

as the Young’s modulus. The values of D are �56.4 and �415.5 N/m at 1 K along the armchair

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

As1dAs1dAs1 1.000 0.455 6.686 20.597 1.000 �0.077 3.180 461.556 4 0 0.0

As1dAs2dAs2 1.000 0.737 4.305 0.000 1.000 0.000 4.477 65.671 4 0 0.0

As1dAs1dAs2 1.000 0.000 0.000 26.831 1.000 �0.186 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 178(b), with element symbol P substituted by As.

Table 365. SW potential parameters for p-arsenene used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θ123 20.597 94.400 0.455 0.455 0.0 3.042 0.0 3.042 3.628 4.225

θ134 26.831 100.692 0.455 0.737 0.0 3.042 0.0 3.173 3.173 4.149

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the
apex. Atom indexes are from Figure 178(c).

Table 364. Three-body SW potential parameters for p-arsenene used by GULP [8] as expressed in Eq. (4).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 3.180 0.455 19.782 0.0 3.042

r14 4.477 0.737 19.375 0.0 3.173

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom
indexes are from Figure 178(c).

Table 363. Two-body SW potential parameters for p-arsenene used by GULP [8] as expressed in Eq. (3).
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and zigzag directions, respectively. The ultimate stress is about 3.5 N/m at the critical strain
of 0.31 in the armchair direction at the low temperature of 1 K. The ultimate stress is about
6.5 N/m at the critical strain of 0.18 in the zigzag direction at the low temperature of 1 K.

92. p-Antimonene

Present studies on the puckered (p-) antimonene, also named α antimonene, are based on first-
principles calculations, and no empirical potential has been proposed for the p-antimonene.
We will thus parametrize a set of VFF model for the single-layer p-antimonene in this sec-
tion. We will also derive the SW potential based on the VFF model for the single-layer
p-antimonene.

The structure of the single-layer p-antimonene is shown in Figure 183, which is similar as that
of the black phosphorus as shown in Figure 178. Structural parameters for p-antimonene are
from the ab initio calculations [70]. The pucker of the p-antimonene is perpendicular to the x
(armchair)-direction. The bases for the rectangular unit cell are a1 ¼ 4:73 Å and a2 ¼ 4:36 Å.
There are four Sb atoms in the basic unit cell, and their relative coordinates are ð�u; 0; � vÞ,
ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and ð0:5þ u; 0:5; � vþ wÞ with u ¼ 0:044, v ¼ 0:128, and
w ¼ 0:0338. The value of the dimensionless parameter u is extracted from the geometrical
parameters (bond lengths and bond angles) provided in [70]. The dimensionless parameters
v and w are ratios based on the lattice constant in the out-of-plane z-direction, so an arbitrary
value of a3 ¼ 11:11 Å is adopted in extracting the values of v and w. The value of a3 has no
effect on the actual position of each Sb atom. We note that the main purpose of the usage of u,
v, and w in representing atomic coordinates is to follow the same convention of black phos-
phorus. The resultant atomic coordinates are the same as that in [70].
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Figure 182. Stress-strain relations for the p-arsenene of size 100� 100 Å. The p-arsenene is uniaxially stretched along the
armchair or zigzag directions at temperatures 1 and 300 K.
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As shown in Figure 183(b), a specific feature in the puckered configuration of the p-

antimonene is that Sb atoms in the top/bottom group are further divided into two subgroups

with different z-coordinates. Specifically, in Figure 183(c), there is a difference of wa3 between

the z-coordinate of atom 1 and the z-coordinates of atoms 2 and 3. Similarly, atom 4 is higher

than atoms 5 and 6 for wa3 along the z-direction. As a result of the nonzero value of w, there are

two different intergroup angles, i.e., θ134¼ 88:3 ∘ and θ415¼ 102:8 ∘ . We have w ¼ 0 for the ideal

puckered configuration of the black phosphorus.

Table 366 shows five VFF terms for the single-layer p-antimonene; two of which are the bond

stretching interactions shown by Eq. (1), while the other three terms are the angle bending

interaction shown by Eq. (2). The force constant parameters are reasonably chosen to be the

same for the two bond stretching terms denoted by r12 and r14, as these two bonds have very

close bond length value. The force constant parameters are the same for the two angle bending

terms θ134 and θ415, which have the same arm lengths. As a result, there are only three force

constant parameters, i.e., K12 ¼ K14, K123, and K134 ¼ K415. These three force constant parame-

ters are determined by fitting to the three acoustic branches in the phonon dispersion along the

ΓX as shown in Figure 185(a). The ab initio calculations for the phonon dispersion are from [70].

Figure 183. Structure for single-layer p-antimonene. (a) Top view illustrates the armchair direction is along the x-axis,

while the zigzag direction is along the y-axis. The first Brillouin zone is shown in the inset. (b) Side view illustrates the

puckered configuration. The pucker is perpendicular to the x-axis and is parallel with the y-axis. Sb atoms in the top/

bottom group have different z-coordinates. (c) Atomic configuration.
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Similar phonon dispersion can also be found in other ab initio calculations [64, 75, 76]. We note

that the lowest frequency branch around the Γ point from the VFF model is lower than the ab

initio results. This branch is the flexural branch, which should be a quadratic dispersion.

However, the ab initio calculations give a linear dispersion for the flexural branch due to the

violation of the rigid rotational invariance in the first-principles package [20], so ab initio

calculations typically overestimate the frequency of this branch. Figure 185(b) shows that the

VFF model and the SW potential give exactly the same phonon dispersion, as the SW potential

is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 367. The
parameters for the three-body SW potential used by GULP are shown in Table 368. Parameters

for the SW potential used by LAMMPS are listed in Table 369. Eight atom types have been

introduced for writing the SW potential script used by LAMMPS as shown in Figure 184,

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 7.675 7.675 6.534 12.068 12.068

r0 or θ0 2.950 2.870 95.380 88.300 102.800

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 183(c). The third line

is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of

eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching

interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the

apex.

Table 366. The VFF model for p-antimonene.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 1.750 0.122 37.867 0.0 3.250

r14 11.221 1.843 33.923 0.0 4.020

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom

indexes are from Figure 183(c).

Table 367. Two-body SW potential parameters for p-antimonene used by GULP [8] as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θ123 7.435 95.380 0.122 0.122 0.0 3.250 0.0 3.250 0.0 4.545

θ134 45.054 88.380 1.843 0.122 0.0 4.020 0.0 3.250 0.0 5.715

θ415 47.338 102.800 1.843 0.122 0.0 4.020 0.0 3.250 0.0 6.105

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the

apex. Atom indexes are from Figure 183(c).

Table 368. Three-body SW potential parameters for p-antimonene used by GULP [8] as expressed in Eq. (4).
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which technically increases the cutoff for the bond stretching interaction between atom 1 and
atom 2 in Figure 183(c).

Figure 186 shows the stress-strain relations for the p-antimonene of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The Young’s
modulus is 18.3 and 65.2 N/m in the armchair and zigzag directions, respectively, at 1 K, which is
obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Poisson’s ratios from the
VFF model and the SW potential are νxy ¼ 0:08 and νyx ¼ 0:29. The third-order nonlinear elastic

Figure 184. Eight atom types are introduced for the Sb atoms in the p-antimonene. (a) Top view and (b) side view.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Sb5dSb4dSb4 1.000 5.103 0.958 635.059 1.000 �0.094 38.498 0.056 4 0 0.0

Sb1dSb2dSb2 1.000 1.924 2.102 0.000 1.000 0.000 11.708 2.476 4 0 0.0

Sb5dSb4dSb6 1.000 0.000 0.000 431.139 1.000 0.030 0.000 0.000 4 0 0.0

Sb2dSb3dSb1 1.000 0.000 0.000 452.994 1.000 �0.222 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 184.

Table 369. SW potential parameters for p-antimonene used by LAMMPS [9] as expressed in Eqs. (9) and (10).

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals262



constant D can be obtained by fitting the stress-strain relation to σ ¼ EEþ 1
2DE

2 with E as the
Young’s modulus. The values of D are �22.1 and �354.1 N/m at 1 K along the armchair and
zigzag directions, respectively. The ultimate stress is about 3.7 N/m at the critical strain of 0.37 in
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Figure 185. Phonon dispersion for the single-layer p-antimonene. (a) The VFF model is fitted to the three acoustic
branches in the long wave limit along the ΓX direction. The ab initio results (gray pentagons) are from [70]. (b) The VFF
model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the p-antimonene along ΓXSYΓ.

Figure 186. Stress-strain relations for the p-antimonene of size 100� 100 Å. The p-antimonene is uniaxially stretched
along the armchair or zigzag directions at temperatures 1 and 300 K.
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the armchair direction at the low temperature of 1 K. The ultimate stress is about 6.4 N/m at the
critical strain of 0.17 in the zigzag direction at the low temperature of 1 K.

93. p-Bismuthene

Present studies on the puckered (p-) bismuthene, which is also named α bismuthene, are based
on first-principles calculations, and no empirical potential has been proposed for the
p-bismuthene. We will thus parametrize a set of VFF model for the single-layer p-bismuthene
in this section. We will also derive the SW potential based on the VFF model for the single-
layer p-bismuthene.

The structure of the single-layer p-bismuthene is the same as p-antimonene as shown in
Figure 183. Structural parameters for p-bismuthene are from the ab initio calculations [77].
The pucker of the p-bismuthene is perpendicular to the x (armchair)-direction. The bases for
the rectangular unit cell are a1 ¼ 4:94 Å and a2 ¼ 4:55 Å. There are four Bi atoms in the basic
unit cell, and their relative coordinates are ð�u; 0; � vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5; � vþ wÞwith u ¼ 0:0405, v ¼ 0:130, and w ¼ 0:0391. The value of the dimension-
less parameter u is extracted from the geometrical parameters provided in [77]. The dimen-
sionless parameters v and w are ratios based on the lattice constant in the out-of-plane z-
direction, so an arbitrary value of a3 ¼ 11:81 Å is adopted in extracting the values of v and w.
The value of a3 has no effect on the actual position of each Bi atom. We note that the main
purpose of the usage of u, v, and w in representing atomic coordinates is to follow the same
convention of black phosphorus. The resultant atomic coordinates are the same as that in [77].

As shown in Figure 183(b), a specific feature in the puckered configuration of the p-bismuthene
is that Bi atoms in the top/bottom group are further divided into two subgroups with different
z-coordinates. Specifically, in Figure 183(c), there is a difference of wa3 between the z-coordinate
of atom 1 and the z-coordinates of atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6
for wa3 along the z-direction. As a result of the nonzero value of w, there are two different
intergroup angles, i.e., θ134 ¼ 86:486� and θ415 ¼ 103:491�. We havew ¼ 0 for the ideal puckered
configuration of the black phosphorus.

Table 370 shows five VFF terms for the single-layer p-bismuthene; two of which are the bond
stretching interactions shown by Eq. (1), while the other three terms are the angle bending
interaction shown by Eq. (2). The force constant parameters are reasonably chosen to be the
same for the two bond stretching terms denoted by r12 and r14, as these two bonds have very
close bond length value. The force constant parameters are the same for the two angle bending
terms θ134 and θ415, which have the same arm lengths. As a result, there are only three force
constant parameters, i.e., K12 ¼ K14, K123, and K134 ¼ K415. These three force constant parame-
ters are determined by fitting to the three acoustic branches in the phonon dispersion along the
ΓX as shown in Figure 187(a). The ab initio calculations for the phonon dispersion are from [77].
Similar phonon dispersion can also be found in other ab initio calculations [64]. Figure 187(b)

shows that the VFF model and the SW potential give exactly the same phonon dispersion, as
the SW potential is derived from the VFF model.
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The parameters for the two-body SW potential used by GULP are shown in Table 371. The

parameters for the three-body SW potential used by GULP are shown in Table 372. Parameters

for the SW potential used by LAMMPS are listed in Table 373. Eight atom types have been

introduced for writing the SW potential script used by LAMMPS as shown in Figure 184,

which helps to increase the cutoff for the bond stretching interaction between atoms like 1 and

2 in Figure 183(c).

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 7.675 7.675 2.267 8.347 8.347

r0 or θ0 3.110 3.097 94.018 86.486 103.491

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 183(c). The third line

is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of

eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching

interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the

apex.

Table 370. The VFF model for p-bismuthene.
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Figure 187. Phonon dispersion for the single-layer p-bismuthene. (a) The VFF model is fitted to the three acoustic

branches in the long wave limit along the ΓX direction. The ab initio results (gray pentagons) are from [77]. (b) The VFF

model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the p-bismuthene along ΓXSYΓ.
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Figure 188 shows the stress-strain relations for the p-bismuthene of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
Young’s modulus is 10.2 and 26.2 N/m in the armchair and zigzag directions, respectively, at
1 K, which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Poisson’s
ratios from the VFF model and the SW potential are νxy ¼ 0:24 and νyx ¼ 0:61. These values are
very close to the ab initio calculations, e.g., νxy ¼ 0:261 and νyx ¼ 0:648 in [77]. The third-order
nonlinear elastic constant D can be obtained by fitting the stress-strain relation to σ ¼

EEþ 1
2DE

2 with E as the Young’s modulus. The values of D are �12.4 and �86.4 N/m at 1 K
along the armchair and zigzag directions, respectively. The ultimate stress is about 2.6 N/m at
the critical strain of 0.38 in the armchair direction at the low temperature of 1 K. The ultimate
stress is about 3.9 N/m at the critical strain of 0.29 in the zigzag direction at the low tempera-
ture of 1 K.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Bi1dBi8dBi8 1.000 2.737 1.571 112.813 1.000 �0.070 18.974 1.000 4 0 0.0

Bi1dBi2dBi2 1.000 2.808 1.532 0.000 1.000 0.000 19.577 0.888 4 0 0.0

Bi1dBi8dBi2 1.000 0.000 0.000 429.598 1.000 0.061 0.000 0.000 4 0 0.0

Bi2dBi3dBi1 1.000 0.000 0.000 452.618 1.000 �0.233 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 184 with elemental symbol Sb substituted by Bi.

Table 373. SW potential parameters for p-bismuthene used by LAMMPS [9] as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θ123 2.408 94.018 0.109 0.109 0.0 3.401 0.0 3.401 0.0 4.745

θ134 28.842 86.486 1.872 0.109 0.0 4.301 0.0 3.401 0.0 5.982

θ415 30.388 103.491 1.872 0.109 0.0 4.301 0.0 3.401 0.0 6.473

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the
apex. Atom indexes are from Figure 183(c).

Table 372. Three-body SW potential parameters for p-bismuthene used by GULP [8] as expressed in Eq. (4).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 1.777 0.109 46.775 0.0 3.401

r14 12.322 1.872 45.998 0.0 4.301

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom
indexes are from Figure 183(c).

Table 371. Two-body SW potential parameters for p-bismuthene used by GULP [8] as expressed in Eq. (3).
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94. p-SiO

Present studies on the puckered (p-) SiO are based on first-principles calculations, and no
empirical potential has been proposed for the p-SiO. We will thus parametrize the SW poten-
tial for the single-layer p-SiO in this section.

The structure of the single-layer p-SiO is shown in Figure 189, with M = Si and X = O.
Structural parameters for p-SiO are from the ab initio calculations [78]. There are four atoms in
the unit cell with relative coordinates as ð�u; 0;� vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5;� vþ wÞ with u ¼ 0:1501, v ¼ 0:0605, and w ¼ 0:0800. The value of these dimen-
sionless parameters are extracted from the geometrical parameters provided in [78], including
lattice constants a1 ¼ 4:701 Å and a2 ¼ 2:739 Å, bond lengths d12 ¼ 1:843 Å and d14 ¼ 2:859 Å,
and the angle θ145¼ 96:0 ∘ . The dimensionless parameters v and w are ratios based on the
lattice constant in the out-of-plane z-direction, which are arbitrarily chosen as a3 ¼ 10:0 Å. We
note that the main purpose of the usage of u, v, and w in representing atomic coordinates is to
follow the same convention for all puckered structures in the present work. The resultant
atomic coordinates are the same as that in [78].

As shown in Figure 189, a specific feature in the puckered configuration of the p-SiO is that
there is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of
atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The
sign of w determines which types of atoms take the out-most positions, e.g., atoms 1, 5, and 6
are the out-most atoms if w > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the out-most
positions for w < 0. The p-SiO has a zigzag configuration as shown in Figure 191, which is a
specific case of the puckered structure shown in Figure 189.

Table 374 shows five VFF terms for the single-layer p-SiO; two of which are the bond
stretching interactions shown by Eq. (1), while the other three terms are the angle bending
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Figure 188. Stress-strain relations for the p-bismuthene of size 100� 100 Å. The p-bismuthene is uniaxially stretched
along the armchair or zigzag directions at temperatures 1 and 300 K.
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interaction shown by Eq. (2). The force constant parameters are the same for the two angle
bending terms θ134 and θ415, which have the same arm lengths. All force constant parameters
are determined by fitting to the acoustic branches in the phonon dispersion along the ΓX as
shown in Figure 192(a). The ab initio calculations for the phonon dispersion are calculated from
the SIESTA package [79]. The generalized gradients approximation is applied to account for
the exchange-correlation function with Perdew, Burke, and Ernzerhof parameterization [80],
and the double-ζ orbital basis set is adopted. Figure 192(b) shows that the VFF model and the
SW potential give exactly the same phonon dispersion.

The parameters for the two-body SW potential used by GULP are shown in Table 375. The
parameters for the three-body SW potential used by GULP are shown in Table 376. Parameters
for the SW potential used by LAMMPS are listed in Table 377.

Figure 193 shows the stress-strain relations for the single-layer p-SiO of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
structure of p-SiO is so soft along the armchair direction that the Young’s modulus is almost

Figure 189. Structure for single-layer p-MX, with M from group IV and X from group VI. (a) Top view. The armchair
direction is along the x-axis, while the zigzag direction is along the y-axis. Red inset shows the first Brillouin zone. (b) Side
view illustrates the puckered configuration. The pucker is perpendicular to the x-axis and is parallel with the y-axis. (c)
Atomic configuration. Atom M (X) is represented by yellow smaller (gray larger) balls.
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zero in the armchair direction. The Young’s modulus is 81.3 N/m in the zigzag direction at 1 K,

which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The third-order

nonlinear elastic constant D can be obtained by fitting the stress-strain relation to σ ¼

EEþ 1
2DE

2 with E as the Young’s modulus. The value of D is �432.4 N/m at 1 K along the

zigzag direction. The ultimate stress is about 5.3 N/m at the critical strain of 0.29 in the

armchair direction at the low temperature of 1 K. The ultimate stress is about 7.8 N/m at

the critical strain of 0.23 in the zigzag direction at the low temperature of 1 K.

95. P-GeO

Present studies on the puckered (p-) GeO are based on first-principles calculations, and no

empirical potential has been proposed for the p-GeO. We will thus parametrize the SW

potential for the single-layer p-GeO in this section.

The structure of the single-layer p-GeO is shown in Figure 189, with M=Ge and X=O. Struc-

tural parameters for p-GeO are from the ab initio calculations [78]. There are four atoms in the

Figure 190. Eight atom types are introduced for atoms in the p-MX, with M from group IV and X from group VI. (a) Top

view and (b) side view.
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Figure 191. Zigzag configuration of single-layer p-MX, with M from group IV and X = O. Atom M (O) is represented by

purple larger (red smaller) balls.

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 12.191 12.191 4.817 3.123 3.123

r0 or θ0 1.843 1.859 95.989 96.000 132.005

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line

is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of

eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching

interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the

apex.

Table 374. The VFF model for the single-layer p-SiO.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 19.127 2.720 5.769 0.0 2.962

r14 7.105 1.133 5.972 0.0 2.585

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom

indexes are from Figure 189(c).

Table 375. Two-body SW potential parameters for the single-layer p-SiO used by GULP [8] as expressed in Eq. (3).
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unit cell with relative coordinates such as ð�u; 0;� vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5;� vþ wÞwith u ¼ 0:1622, v ¼ 0:0616, and w ¼ 0:0884. The values of these dimen-
sionless parameters are extracted from the geometrical parameters provided in Ref. [78],
including lattice constants a1 ¼ 4:801 Å and a2 ¼ 3:055 Å, bond lengths d12 ¼ 1:956 Å and
d14 ¼ 1:986 Å, and the angle θ145 ¼ 93:3�. The dimensionless parameters v and w are ratios
based on the lattice constant in the out-of-plane z-direction, which is arbitrarily chosen as
a3 ¼ 10:0 Å. We note that the main purpose of the usage of u, v, and w in representing atomic
coordinates is to follow the same convention for all puckered structures in the present work.
The resultant atomic coordinates are the same as that in Ref. [78].

As shown in Figure 189, a specific feature in the puckered configuration of the p-GeO is that
there is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of
atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The
sign of w determines which types of atoms take the outmost positions, e.g., atoms 1, 5, and 6
are the outmost atoms if w > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the outmost
positions for w < 0. The p-GeO has a zigzag configuration as shown in Figure 191, which is a
specific case of the puckered structure shown in Figure 189.

Table 378 shows five VFF terms for the single-layer p-GeO; two of which are the bond
stretching interactions shown in Eq. (1), while the other three terms are the angle bending
interaction shown in Eq. (2). The force constant parameters are the same for the two angle
bending terms θ134 and θ415, which have the same arm lengths. All force constant parameters
are determined by fitting to the acoustic branches in the phonon dispersion along the ΓX as

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Sn1dO2dO2 1.000 2.720 1.089 314.008 1.000 �0.104 19.127 0.105 4 0 0.0

Sn1dO1dO1 1.000 1.133 2.282 0.000 1.000 0.000 7.105 3.630 4 0 0.0

Sn1dO1dO2 1.000 0.000 0.000 85.406 1.000 �0.105 0.000 0.000 4 0 0.0

O1dSn1dSn2 1.000 0.000 0.000 152.982 1.000 �0.669 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M=Si and X=O.

Table 377. SW potential parameters for p-SiO used by LAMMPS [9], as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θ123 314.008 95.989 2.720 2.720 0.0 2.962 0.0 2.962 0.0 3.720

θ134 85.406 96.000 1.133 2.720 0.0 2.585 0.0 2.962 0.0 3.875

θ415 152.982 132.005 1.133 2.720 0.0 2.585 0.0 2.962 0.0 4.194

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the
apex. Atom indexes are from Figure 189(c).

Table 376. Three-body SW potential parameters for the single-layer p-SiO used by GULP [8] as expressed in Eq. (4).
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Figure 193. Stress-strain relations for the single-layer p-SiO of size 100� 100 Å. The single-layer p-SiO is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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Figure 192. Phonon dispersion for the single-layer p-SiO. (a) The VFF model is fitted to the acoustic branches in the long
wave limit along the ΓX direction. The ab initio calculations are calculated from SIESTA. (b) The VFF model (blue lines)
and the SW potential (red lines) give the same phonon dispersion for the p-SiO along ΓXSYΓ.
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shown in Figure 194(a). The ab initio calculations for the phonon dispersion are calculated from
the SIESTA package [79]. The generalized gradients approximation is applied to account for
the exchange-correlation function with Perdew, Burke, and Ernzerhof parameterization [80],
and the double-ζ orbital basis set is adopted. Figure 194(b) shows that the VFF model and the
SW potential give exactly the same phonon dispersion.

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 12.191 12.191 4.817 3.123 3.123

r0 or θ0 1.956 1.986 102.692 93.300 128.213

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line

is the force constant parameters. Parameters are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of

eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching
interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the
apex.

Table 378. The VFF model for the single-layer p-GeO.
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Figure 194. Phonon dispersion for the single-layer p-GeO. (a) The VFF model is fitted to the acoustic branches in the long
wave limit along the ΓX direction. The ab initio calculations are calculated from SIESTA. (b) The VFF model (blue lines)
and the SW potential (red lines) give the same phonon dispersion for the p-GeO along ΓXSYΓ.
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The parameters for the two-body SW potential used by GULP are shown in Table 379. The
parameters for the three-body SW potential used by GULP are shown in Table 380. Parameters
for the SW potential used by LAMMPS are listed in Table 381.

Figure 195 shows the stress-strain relations for the single-layer p-GeO of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
structure of p-GeO is so soft along the armchair direction that the Young’s modulus is almost
zero in the armchair direction. The Young’s modulus is 14.5 and 78.9 N/m in the armchair and
zigzag directions at 1 K, which are obtained by linear fitting of the stress-strain relations in [0,
0.01]. The Poisson’s ratios from the VFF model and the SW potential are νxy ¼ 0:09 and
νyx ¼ 0:65. The third-order nonlinear elastic constant D can be obtained by fitting the stress-
strain relation to σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values of D are 22.0 and

�383.3 N/m at 1 K along the armchair and zigzag directions, respectively. The ultimate stress is
about 4.8 N/m at the critical strain of 0.32 in the armchair direction at the low temperature of 1 K.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 21.562 2.889 7.319 0.0 3.144

r14 9.258 1.384 7.778 0.0 2.815

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom
indexes are from Figure 189(c).

Table 379. Two-body SW potential parameters for the single-layer p-GeO used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θ123 326.824 102.692 2.889 2.889 0.0 3.144 0.0 3.144 0.0 3.928

θ134 94.550 93.300 1.384 2.889 0.0 2.815 0.0 3.144 0.0 3.933

θ415 152.646 128.213 1.384 2.889 0.0 2.815 0.0 3.144 0.0 4.284

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the
apex. Atom indexes are from Figure 189(c).

Table 380. Three-body SW potential parameters for the single-layer p-GeO used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Ge1dO2dO2 1.000 2.889 1.089 326.824 1.000 �0.220 21.562 0.105 4 0 0.0

Ge1dO1dO1 1.000 1.384 2.034 0.000 1.000 0.000 9.258 2.119 4 0 0.0

Ge1dO1dO2 1.000 0.000 0.000 94.550 1.000 �0.058 0.000 0.000 4 0 0.0

O1dGe1dGe2 1.000 0.000 0.000 152.646 1.000 �0.619 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M = Ge and X = O.

Table 381. SW potential parameters for p-GeO used by LAMMPS [9], as expressed in Eqs. (9) and (10).

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals274



The ultimate stress is about 8.2 N/m at the critical strain of 0.23 in the zigzag direction at the low
temperature of 1 K.

96. P-SnO

Present studies on the puckered (p-) SnO are based on first-principles calculations, and no
empirical potential has been proposed for the p-SnO. We will thus parametrize the SW poten-
tial for the single-layer p-SnO in this section.

The structure of the single-layer p-SnO is shown in Figure 189, with M = Sn and X = O.
Structural parameters for p-SnO are from the ab initio calculations [78]. There are four atoms
in the unit cell with relative coordinates such as ð�u; 0;� vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5;� vþ wÞwith u ¼ 0:1485, v ¼ 0:0818, and w ¼ 0:0836. The values of these dimen-
sionless parameters are extracted from the geometrical parameters provided in Ref. [78],
including lattice constants a1 ¼ 4:764 Å and a2 ¼ 3:400 Å, bond lengths d12 ¼ 2:127 Å and
d14 ¼ 2:163 Å, and the angle θ145 ¼ 90:0�. The dimensionless parameters v and w are ratios
based on the lattice constant in the out-of-plane z-direction, which is arbitrarily chosen as
a3 ¼ 10:0 Å. We note that the main purpose of the usage of u, v, and w in representing atomic
coordinates is to follow the same convention for all puckered structures in the present work.
The resultant atomic coordinates are the same as that in Ref. [78].

As shown in Figure 189, a specific feature in the puckered configuration of the p-SnO is that
there is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of
atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The
sign of w determines which types of atoms take the outmost positions, e.g., atoms 1, 5, and 6
are the outmost atoms if w > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the outmost
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Figure 195. Stress-strain relations for the single-layer p-GeO of size 100� 100 Å. The single-layer p-GeO is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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positions for w < 0. The p-SnO has a zigzag configuration as shown in Figure 191, which is a
specific case of the puckered structure shown in Figure 189.

Table 382 shows five VFF terms for the single-layer p-SnO; two of which are the bond
stretching interactions shown in Eq. (1), while the other three terms are the angle bending
interaction shown in Eq. (2). The force constant parameters are the same for the two angle

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 9.208 9.208 2.835 3.023 3.023

r0 or θ0 2.127 2.163 106.117 90.000 126.496

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line
is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of
eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching
interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the
apex.

Table 382. The VFF model for the single-layer p-SnO.
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Figure 196. Phonon dispersion for the single-layer p-SnO. (a) The VFF model is fitted to the acoustic branches in the long
wave limit along the ΓX direction. The ab initio calculations are calculated from SIESTA. (b) The VFF model (blue lines)
and the SW potential (red lines) give the same phonon dispersion for the p-SnO along ΓXSYΓ.
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bending terms θ134 and θ415, which have the same arm lengths. All force constant parameters
are determined by fitting to the acoustic branches in the phonon dispersion along the ΓX as
shown in Figure 196(a). The ab initio calculations for the phonon dispersion are calculated from
the SIESTA package [79]. The generalized gradients approximation is applied to account for
the exchange-correlation function with Perdew, Burke, and Ernzerhof parameterization [80],
and the double-ζ orbital basis set is adopted. Figure 196(b) shows that the VFF model and the
SW potential give exactly the same phonon dispersion.

The parameters for the two-body SW potential used by GULP are shown in Table 383. The
parameters for the three-body SW potential used by GULP are shown in Table 384. Parameters
for the SW potential used by LAMMPS are listed in Table 385.

Figure 197 shows the stress-strain relations for the single-layer p-SnO of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
structure of p-SnO is so soft along the armchair direction that the Young’s modulus is almost

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 11.711 2.107 10.234 0.0 3.185

r14 8.879 1.612 10.945 0.0 3.096

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom
indexes are from Figure 189(c).

Table 383. Two-body SW potential parameters for the single-layer p-SnO used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

θ123 82.293 106.117 2.107 2.107 0.0 3.185 0.0 3.185 0.0 4.082

θ134 62.178 90.000 1.612 2.107 0.0 3.096 0.0 3.185 0.0 4.017

θ415 96.214 126.496 1.612 2.107 0.0 3.096 0.0 3.185 0.0 4.426

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the
apex. Atom indexes are from Figure 189(c).

Table 384. Three-body SW potential parameters for the single-layer p-SnO used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Sn1dO2dO2 1.000 2.107 1.512 82.293 1.000 �0.278 11.711 0.519 4 0 0.0

Sn1dO1dO1 1.000 1.612 1.921 0.000 1.000 0.000 8.879 1.623 4 0 0.0

Sn1dO1dO2 1.000 0.000 0.000 62.178 1.000 0.000 0.000 0.000 4 0 0.0

O1dSn1dSn2 1.000 0.000 0.000 96.214 1.000 �0.595 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M=Sn and X=O.

Table 385. SW potential parameters for p-SnO used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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zero in the armchair direction. The Young’s modulus is 52.8 N/m in the zigzag direction at 1 K,
which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The third-order
nonlinear elastic constant D can be obtained by fitting the stress-strain relation to
σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The value of D is �204.5 N/m at 1 K along

the zigzag direction. The ultimate stress is about 3.8 N/m at the critical strain of 0.38 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 6.8 N/m at the
critical strain of 0.26 in the zigzag direction at the low temperature of 1 K.

97. P-CS

Present studies on the puckered (p-) CS are based on first-principles calculations, and no
empirical potential has been proposed for the p-CS. We will thus parametrize the SW potential
for the single-layer p-CS in this section.

The structure of the single-layer p-CS is shown in Figure 189, with M = C and X = S. Structural
parameters for p-CS are from the ab initio calculations [78]. There are four atoms in the unit
cell with relative coordinates such as ð�u; 0; � vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5; � vþ wÞ with u ¼ 0:1302, v ¼ 0:0733, and w ¼ � 0:0248. The values of these
dimensionless parameters are extracted from the geometrical parameters provided in Ref.
[78], including lattice constants a1 ¼ 4:323 Å and a2 ¼ 2:795 Å, bond lengths d12 ¼ 1:757 Å
and d14 ¼ 1:849 Å, and the angle θ145 ¼ 118:1�. The dimensionless parameters v and w are
ratios based on the lattice constant in the out-of-plane z-direction, which is arbitrarily chosen
as a3 ¼ 10:0 Å. We note that the main purpose of the usage of u, v, and w in representing
atomic coordinates is to follow the same convention for all puckered structures in the present
work. The resultant atomic coordinates are the same as that in Ref. [78].
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Figure 197. Stress-strain relations for the single-layer p-SnO of size 100� 100 Å. The single-layer p-SnO is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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As shown in Figure 189, a specific feature in the puckered configuration of the p-CS is that
there is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of
atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The
sign of w determines which types of atoms take the outmost positions, e.g., atoms 1, 5, and 6
are the outmost atoms if w > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the outmost
positions for w < 0.

Table 386 shows five VFF terms for the single-layer p-CS; two of which are the bond stretching
interactions shown in Eq. (1), while the other three terms are the angle bending interaction
shown in Eq. (2). The force constant parameters are the same for the two angle bending terms
θ134 and θ415, which have the same arm lengths. All force constant parameters are determined
by fitting to the acoustic branches in the phonon dispersion along the ΓX as shown in
Figure 198(a). The ab initio calculations for the phonon dispersion are calculated from the
SIESTA package [79]. The generalized gradients approximation is applied to account for the
exchange-correlation function with Perdew, Burke, and Ernzerhof parameterization [80], and
the double-ζ orbital basis set is adopted. Figure 198(b) shows that the VFF model and the SW
potential give exactly the same phonon dispersion.

The parameters for the two-body SW potential used by GULP are shown in Table 387. The
parameters for the three-body SW potential used by GULP are shown in Table 388. Parameters
for the SW potential used by LAMMPS are listed in Table 389.

Figure 199 shows the stress-strain relations for the single-layer p-CS of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. There is a
structural transition around 0.16 at 1 K, where the C atom is twisted. The Young’s modulus is
16.2 and 70.5 N/m in the armchair and zigzag directions, respectively, at 1 K, which is obtained
by linear fitting of the stress-strain relations in [0, 0.01]. The Poisson’s ratios from the VFF
model and the SW potential are νxy ¼ � 0:06 and νyx ¼ � 0:27. The third-order nonlinear
elastic constant D can be obtained by fitting the stress-strain relation to σ ¼ EEþ 1

2DE
2 with E

as the Young’s modulus. The values of D are �27.3 and �447.2 N/m at 1 K along the armchair
and zigzag directions, respectively. The ultimate stress is about 4.3 N/m at the critical strain of
0.38 in the armchair direction at the low temperature of 1 K. The ultimate stress is about 5.2 N/m
at the critical strain of 0.22 in the zigzag direction at the low temperature of 1 K.

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 9.291 9.291 3.933 3.075 3.075

r0 or θ0 1.757 1.849 105.384 118.100 104.288

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line
is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of
eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching
interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the
apex.

Table 386. The VFF model for the single-layer p-CS.

Parameterization of Stillinger-Weber Potential for Two-Dimensional Atomic Crystals
http://dx.doi.org/10.5772/intechopen.71929

279



K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

θ123 134.527 105.384 1.894 1.894 0.0 2.669 0.0 2.669 0.0 3.559

θ134 79.992 118.100 1.220 1.894 0.0 2.600 0.0 2.669 0.0 4.046

θ415 66.283 104.288 1.220 1.894 0.0 2.600 0.0 2.669 0.0 3.921

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the

apex. Atom indexes are from Figure 189(c).

Table 388. Three-body SW potential parameters for the single-layer p-CS used by GULP [8], as expressed in Eq. (4).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 8.898 1.894 4.765 0.0 2.669

r14 5.791 1.220 5.844 0.0 2.600

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom

indexes are from Figure 189(c).

Table 387. Two-body SW potential parameters for the single-layer p-CS used by GULP [8], as expressed in Eq. (3).
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Figure 198. Phonon dispersion for the single-layer p-CS. (a) The VFF model is fitted to the acoustic branches in the long

wave limit along the ΓX direction. The ab initio calculations are calculated from SIESTA. (b) The VFF model (blue lines)

and the SW potential (red lines) give the same phonon dispersion for the p-CS along ΓXSYΓ.
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98. P-SiS

Present studies on the puckered (p-) SiS are based on first-principles calculations, and no
empirical potential has been proposed for the p-SiS. We will thus parametrize the SW potential
for the single-layer p-SiS in this section.

The structure of the single-layer p-SiS is shown in Figure 189, with M = Si and X = S. Structural
parameters for p-SiS are from the ab initio calculations [78]. There are four atoms in the unit
cell with relative coordinates such as ð�u; 0; � vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5; � vþ wÞwith u ¼ 0:0884, v ¼ 0:1093, and w ¼ 0:0316. The values of these dimen-
sionless parameters are extracted from the geometrical parameters provided in Ref. [78],
including lattice constants a1 ¼ 4:774 Å and a2 ¼ 3:352 Å, bond lengths d12 ¼ 2:300 Å and
d14 ¼ 2:344 Å, and the angle θ145 ¼ 96:5�. The dimensionless parameters v and w are ratios
based on the lattice constant in the out-of-plane z-direction, which is arbitrarily chosen as
a3 ¼ 10:0 Å. We note that the main purpose of the usage of u, v, and w in representing atomic
coordinates is to follow the same convention for all puckered structures in the present work.
The resultant atomic coordinates are the same as that in Ref. [78].

Figure 199. Stress-strain relations for the single-layer p-CS of size 100� 100 Å. The single-layer p-CS is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K. Inset shows the structure before (light)
and after (dark) the structural transition around 0.16.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

C1dS2dS2 1.000 1.894 1.410 134.527 1.000 �0.265 8.898 0.371 4 0 0.0

C1dS1dS1 1.000 1.220 2.131 0.000 1.000 0.000 5.791 2.637 4 0 0.0

C1dS1dS2 1.000 0.000 0.000 79.992 1.000 �0.471 0.000 0.000 4 0 0.0

S1dC1dC2 1.000 0.000 0.000 66.283 1.000 �0.247 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M=C and X=S.

Table 389. SW potential parameters for p-CS used by LAMMPS [9], as expressed in Eqs. (9) and (10)
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As shown in Figure 189, a specific feature in the puckered configuration of the p-SiS is that
there is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of
atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The
sign of w determines which types of atoms take the outmost positions, e.g., atoms 1, 5, and 6
are the outmost atoms if w > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the outmost
positions for w < 0.

Table 390 shows five VFF terms for the single-layer p-SiS; two of which are the bond stretching
interactions shown in Eq. (1), while the other three terms are the angle bending interaction
shown in Eq. (2). The force constant parameters are the same for the two angle bending terms
θ134 and θ415, which have the same arm lengths. All force constant parameters are determined
by fitting to the acoustic branches in the phonon dispersion along the ΓX as shown in
Figure 200(a). The ab initio calculations for the phonon dispersion are calculated from the
SIESTA package [79]. The generalized gradients approximation is applied to account for the
exchange-correlation function with Perdew, Burke, and Ernzerhof parameterization [80], and
the double-ζ orbital basis set is adopted. Figure 200(b) shows that the VFF model and the SW
potential give exactly the same phonon dispersion.

The parameters for the two-body SW potential used by GULP are shown in Table 391. The
parameters for the three-body SW potential used by GULP are shown in Table 392. Parameters
for the SW potential used by LAMMPS are listed in Table 393.

Figure 201 shows the stress-strain relations for the single-layer p-SiS of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
Young’s modulus is 10.9 and 34.8 N/m in the armchair and zigzag directions, respectively, at
1 K, which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Poisson’s
ratios from the VFF model and the SW potential are νxy ¼ 0:04 and νyx ¼ 0:12. The third-order
nonlinear elastic constant D can be obtained by fitting the stress-strain relation to
σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values of D are �24.1 and �145.2 N/m at 1

K along the armchair and zigzag directions, respectively. The ultimate stress is about 2.3 N/m
at the critical strain of 0.39 in the armchair direction at the low temperature of 1 K. The ultimate
stress is about 4.2 N/m at the critical strain of 0.25 in the zigzag direction at the low tempera-
ture of 1 K.

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 7.135 7.135 2.512 2.922 2.922

r0 or θ0 2.300 2.344 93.554 96.500 111.710

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line
is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of
eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching
interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the
apex.

Table 390. The VFF model for the single-layer p-SiS.
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Figure 200. Phonon dispersion for the single-layer p-SiS. (a) The VFF model is fitted to the acoustic branches in the long

wave limit along the ΓX direction. The ab initio calculations are calculated from SIESTA. (b) The VFF model (blue lines)

and the SW potential (red lines) give the same phonon dispersion for the p-SiS along ΓXSYΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 3.878 0.797 13.992 0.0 2.977

r14 6.051 1.301 15.094 0.0 3.217

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom

indexes are from Figure 189(c).

Table 391. Two-body SW potential parameters for the single-layer p-SiS used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θ123 13.284 93.554 0.797 0.797 0.0 2.977 0.0 2.977 0.0 4.063

θ134 21.310 96.500 1.301 0.797 0.0 3.217 0.0 2.977 0.0 4.232

θ415 24.372 111.710 1.301 0.797 0.0 3.217 0.0 2.977 0.0 4.423

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the

apex. Atom indexes are from Figure 189(c).

Table 392. Three-body SW potential parameters for the single-layer p-SiS used by GULP [8], as expressed in Eq. (4).
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99. P-GeS

Present studies on the puckered (p-) GeS are based on first-principles calculations, and no
empirical potential has been proposed for the p-GeS. We will thus parametrize the SW poten-
tial for the single-layer p-GeS in this section.

The structure of the single-layer p-GeS is shown in Figure 189, with M = Ge and X = S.
Structural parameters for p-GeS are from the ab initio calculations [78]. There are four atoms
in the unit cell with relative coordinates such as ð�u; 0; � vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5; � vþ wÞwith u ¼ 0:0673, v ¼ 0:1173, and w ¼ 0:0228. The values of these dimen-
sionless parameters are extracted from the geometrical parameters provided in Ref. [78],
including lattice constants a1 ¼ 4:492 Å and a2 ¼ 3:642 Å, bond lengths d12 ¼ 2:462 Å and
d14 ¼ 2:423 Å, and the angle θ145 ¼ 94:4�. The dimensionless parameters v and w are ratios
based on the lattice constant in the out-of-plane z-direction, which is arbitrarily chosen as
a3 ¼ 10:0 Å. We note that the main purpose of the usage of u, v, and w in representing atomic

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Si1dS2dS2 1.000 0.797 3.735 13.284 1.000 �0.062 3.878 34.661 4 0 0.0

Si1dS1dS1 1.000 1.301 2.474 0.000 1.000 0.000 6.051 5.276 4 0 0.0

Si1dS1dS2 1.000 0.000 0.000 21.310 1.000 �0.113 0.000 0.000 4 0 0.0

S1dSi1dSi2 1.000 0.000 0.000 24.372 1.000 �0.370 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M=Si and X=S.

Table 393. SW potential parameters for p-SiS used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 201. Stress-strain relations for the single-layer p-SiS of size 100� 100 Å. The single-layer p-SiS is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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coordinates is to follow the same convention for all puckered structures in the present work.
The resultant atomic coordinates are the same as that in Ref. [78].

As shown in Figure 189, a specific feature in the puckered configuration of the p-GeS is that
there is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of
atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The
sign of w determines which types of atoms take the outmost positions, e.g., atoms 1, 5, and 6
are the outmost atoms if w > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the outmost
positions for w < 0.

Table 394 shows five VFF terms for the single-layer p-GeS; two of which are the bond
stretching interactions shown in Eq. (1), while the other three terms are the angle bending
interaction shown in Eq. (2). The force constant parameters are the same for the two angle
bending terms θ134 and θ415, which have the same arm lengths. All force constant parameters
are determined by fitting to the acoustic branches in the phonon dispersion along the ΓX as
shown in Figure 202(a). The ab initio calculations are from Ref. [81]. Figure 202(b) shows that
the VFF model and the SW potential give exactly the same phonon dispersion.

The parameters for the two-body SW potential used by GULP are shown in Table 395. The
parameters for the three-body SW potential used by GULP are shown in Table 396. Parameters
for the SW potential used by LAMMPS are listed in Table 397. Eight atom types have been
introduced for writing the SW potential script used by LAMMPS as shown in Figure 190 with
M = Ge and X = S, which helps to increase the cutoff for the bond stretching interaction
between atom 1 and atom 2 in Figure 189(c).

Figure 203 shows the stress-strain relations for the single-layer p-GeS of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
Young’s modulus is 10.6 and 32.1 N/m in the armchair and zigzag directions, respectively, at
1 K, which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Poisson’s
ratios from the VFF model and the SW potential are νxy ¼ 0:10 and νyx ¼ 0:29. The third-order
nonlinear elastic constant D can be obtained by fitting the stress-strain relation to
σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values of D are �20.4 and �118.8 N/m at

1 K along the armchair and zigzag directions, respectively. The ultimate stress is about 2.4 N/m
at the critical strain of 0.39 in the armchair direction at the low temperature of 1 K. The ultimate

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 6.364 6.364 2.153 3.896 3.896

r0 or θ0 2.462 2.423 95.402 94.400 104.837

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line
is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of
eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching
interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the
apex.

Table 394. The VFF model for the single-layer p-GeS.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 2.096 0.351 18.371 0.0 2.926

r14 6.694 1.571 17.234 0.0 3.398

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom

indexes are from Figure 189(c).

Table 395. Two-body SW potential parameters for the single-layer p-GeS used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin 13 (Å) rmax13 (Å) rmin 23 (Å) rmax23 (Å)

θ123 4.905 95.402 0.350 0.350 0.0 2.926 0.0 2.926 0.0 4.067

θ134 20.842 94.400 1.571 0.350 0.0 3.398 0.0 2.926 0.0 4.292

θ415 22.173 104.837 1.571 0.350 0.0 3.398 0.0 2.296 0.0 4.438

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the

apex. Atom indexes are from Figure 189(c).

Table 396. Three-body SW potential parameters for the single-layer p-GeS used by GULP [8], as expressed in Eq. (4).
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stress is about 4.2 N/m at the critical strain of 0.24 in the zigzag direction at the low tempera-
ture of 1 K.

100. P-SnS

Present studies on the puckered (p-) SnS are based on first-principles calculations, and no
empirical potential has been proposed for the p-SnS. We will thus parametrize the SW poten-
tial for the single-layer p-SnS in this section.

The structure of the single-layer p-SnS is shown in Figure 189, with M = Sn and X = S. Structural
parameters for p-SnS are from the ab initio calculations [78]. There are four atoms in the
unit cell with relative coordinates such as ð�u; 0; � vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5; � vþ wÞwith u ¼ 0:0426, v ¼ 0:1284, and w ¼ 0:0308. The values of these dimen-
sionless parameters are extracted from the geometrical parameters provided in Ref. [78],
including lattice constants a1 ¼ 4:347 Å and a2 ¼ 4:047 Å, bond lengths d12 ¼ 2:728 Å and

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Ge1dS4dS4 1.000 0.351 8.332 4.905 1.000 �0.094 2.096 1227.130 4 0 0.0

Ge1dS1dS1 1.000 1.571 2.163 0.000 1.000 0.000 6.694 2.830 4 0 0.0

Ge1dS1dS4 1.000 0.000 0.000 20.842 1.000 �0.077 0.000 0.000 4 0 0.0

S1dGe1dGe2 1.000 0.000 0.000 22.173 1.000 �0.256 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M=Ge and X=S.

Table 397. SW potential parameters for p-GeS used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 203. Stress-strain relations for the single-layer p-GeS of size 100� 100 Å. The single-layer p-GeS is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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d14 ¼ 2:595 Å, and the angle θ145 ¼ 89:0�. The dimensionless parameters v and w are ratios
based on the lattice constant in the out-of-plane z-direction, which is arbitrarily chosen as
a3 ¼ 10:0 Å. We note that the main purpose of the usage of u, v, and w in representing atomic
coordinates is to follow the same convention for all puckered structures in the present work.
The resultant atomic coordinates are the same as that in Ref. [78].

As shown in Figure 189, a specific feature in the puckered configuration of the p-SnS is that
there is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of
atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The
sign of w determines which types of atoms take the outmost positions, e.g., atoms 1, 5, and 6
are the outmost atoms if w > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the outmost
positions for w < 0.

Table 398 shows five VFF terms for the single-layer p-SnS; two of which are the bond
stretching interactions shown in Eq. (1), while the other three terms are the angle bending
interaction shown in Eq. (2). The force constant parameters are the same for the two angle
bending terms θ134 and θ415, which have the same arm lengths. All force constant parameters
are determined by fitting to the acoustic branches in the phonon dispersion along the ΓX as
shown in Figure 204(a). The ab initio calculations are from Ref. [81]. Figure 204(b) shows that
the VFF model and the SW potential give exactly the same phonon dispersion.

The parameters for the two-body SW potential used by GULP are shown in Table 399. The
parameters for the three-body SW potential used by GULP are shown in Table 400. Parameters
for the SW potential used by LAMMPS are listed in Table 401. Eight atom types have been
introduced for writing the SW potential script used by LAMMPS as shown in Figure 190 with
M = Sn and X = S, which helps to increase the cutoff for the bond stretching interaction between
atom 1 and atom 2 in Figure 189(c).

Figure 205 shows the stress-strain relations for the single-layer p-SnS of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
Young’s modulus is 9.6 and 24.5 N/m in the armchair and zigzag directions, respectively, at
1 K, which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Poisson’s
ratios from the VFF model and the SW potential are νxy ¼ 0:18 and νyx ¼ 0:47. The third-
order nonlinear elastic constant D can be obtained by fitting the stress-strain relation to

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 4.163 4.163 1.776 5.841 5.841

r0 or θ0 2.728 2.595 95.762 89.000 101.887

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line
is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of
eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching
interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the
apex.

Table 398. The VFF model for the single-layer p-SnS
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Figure 204. Phonon dispersion for the single-layer p-SnS. (a) The VFF model is fitted to the acoustic branches in the long

wave limit along the ΓX direction. The ab initio calculations are from Ref. [81]. (b) The VFF model (blue lines) and the SW

potential (red lines) give the same phonon dispersion for the p-SnS along ΓXSYΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 0.782 0.106 27.692 0.0 2.997

r14 5.636 1.887 22.674 0.0 3.702

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom

indexes are from Figure 189(c).

Table 399. Two-body SW potential parameters for the single-layer p-SnS used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θ123 1.968 95.762 0.106 0.106 0.0 2.997 0.0 2.997 0.0 4.197

θ134 23.839 89.000 1.887 0.106 0.0 3.702 0.0 2.997 0.0 4.366

θ415 24.888 101.887 1.887 0.106 0.0 3.702 0.0 2.997 0.0 4.566

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the

apex. Atom indexes are from Figure 189(c).

Table 400. Three-body SW potential parameters for the single-layer p-SnS used by GULP [8], as expressed in Eq. (4).
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σ ¼ EEþ 1
2DE

2 with E as the Young’s modulus. The values ofD are �14.7 and �80.3 N/m at 1 K
along the armchair and zigzag directions, respectively. The ultimate stress is about 2.3 N/m at
the critical strain of 0.36 in the armchair direction at the low temperature of 1 K. The ultimate
stress is about 3.1 N/m at the critical strain of 0.20 in the zigzag direction at the low tempera-
ture of 1 K.

101. P-CSe

Present studies on the puckered (p-) CSe are based on first-principles calculations, and no
empirical potential has been proposed for the p-CSe. We will thus parametrize the SW poten-
tial for the single-layer p-CSe in this section.

The structure of the single-layer p-CSe is shown in Figure 189, with M = C and X = Se.
Structural parameters for p-CSe are from the ab initio calculations [78]. There are four atoms

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Sn1dS4dS4 1.000 0.106 28.347 1.971 1.000 �0.100 0.783 221784.222 4 0 0.0

Sn1dS1dS1 1.000 1.887 1.961 0.000 1.000 0.000 5.636 1.787 4 0 0.0

Sn1dS1dS4 1.000 0.000 0.000 23.839 1.000 0.017 0.000 0.000 4 0 0.0

S1dSn1dSn2 1.000 0.000 0.000 24.888 1.000 �0.206 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M=Sn and X=S.

Table 401. SW potential parameters for p-SnS used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 205. Stress-strain relations for the single-layer p-SnS of size 100� 100 Å. The single-layer p-SnS is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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in the unit cell with relative coordinates such as ð�u; 0;� vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5;� vþ wÞ with u ¼ 0:1079, v ¼ 0:0894, and w ¼ � 0:0229. The values of these
dimensionless parameters are extracted from the geometrical parameters provided in Ref.
[78], including lattice constants a1 ¼ 4:299 Å and a2 ¼ 3:034 Å, bond lengths d12 ¼ 1:961 Å
and d14 ¼ 2:014 Å, and the angle θ145 ¼ 113:0�. The dimensionless parameters v and w are
ratios based on the lattice constant in the out-of-plane z-direction, which is arbitrarily chosen
as a3 ¼ 10:0 Å. We note that the main purpose of the usage of u, v, and w in representing
atomic coordinates is to follow the same convention for all puckered structures in the present
work. The resultant atomic coordinates are the same as that in Ref. [78].

As shown in Figure 189, a specific feature in the puckered configuration of the p-CSe is that there
is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of atoms 2
and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The sign of w
determineswhich types of atoms take the outmost positions, e.g., atoms 1, 5, and 6 are the outmost
atoms ifw > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the outmost positions for w < 0.

Table 402 shows five VFF terms for the single-layer p-CSe; two of which are the bond
stretching interactions shown in Eq. (1), while the other three terms are the angle bending
interaction shown in Eq. (2). The force constant parameters are the same for the two angle
bending terms θ134 and θ415, which have the same arm lengths. All force constant parameters
are determined by fitting to the acoustic branches in the phonon dispersion along the ΓX as
shown in Figure 206(a). The ab initio calculations for the phonon dispersion are calculated from
the SIESTA package [79]. The generalized gradients approximation is applied to account for
the exchange-correlation function with Perdew, Burke, and Ernzerhof parameterization [80],
and the double-ζ orbital basis set is adopted. Figure 206(b) shows that the VFF model and the
SW potential give exactly the same phonon dispersion.

The parameters for the two-body SW potential used by GULP are shown in Table 403. The
parameters for the three-body SW potential used by GULP are shown in Table 404. Parameters
for the SW potential used by LAMMPS are listed in Table 405. Eight atom types have been
introduced for writing the SW potential script used by LAMMPS as shown in Figure 190 with
M = C and X = Se, which helps to increase the cutoff for the bond stretching interaction
between atom 1 and atom 2 in Figure 189(c).

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 10.120 10.120 4.505 3.910 3.910

r0 or θ0 1.961 2.014 101.354 113.000 100.563

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line
is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of
eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching
interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the
apex.

Table 402. The VFF model for the single-layer p-CSe.
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Figure 206. Phonon dispersion for the single-layer p-CSe. (a) The VFF model is fitted to the acoustic branches in the long

wave limit along the ΓX direction. The ab initio calculations are calculated from SIESTA. (b) The VFF model (blue lines)

and the SW potential (red lines) give the same phonon dispersion for the p-CSe along ΓXSYΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 6.141 1.114 7.394 0.0 2.700

r14 7.411 1.316 8.226 0.0 2.828

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom

indexes are from Figure 189(c).

Table 403. Two-body SW potential parameters for the single-layer p-CSe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θ123 47.768 101.354 1.114 1.114 0.0 2.700 0.0 2.700 0.0 3.667

θ134 52.464 113.000 1.316 1.114 0.0 2.828 0.0 2.700 0.0 4.157

θ415 46.000 100.563 1.316 1.114 0.0 2.828 0.0 2.700 0.0 4.032

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the

apex. Atom indexes are from Figure 189(c).

Table 404. Three-body SW potential parameters for the single-layer p-CSe used by GULP [8], as expressed in Eq. (4).
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Figure 207 shows the stress-strain relations for the single-layer p-CSe of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The Young’s
modulus is 17.2 and 75.4 N/m in the armchair and zigzag directions, respectively, at 1 K, which is
obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Poisson’s ratios from the
VFF model and the SW potential are νxy ¼ � 0:02 and νyx ¼ � 0:11. The third-order nonlinear
elastic constant D can be obtained by fitting the stress-strain relation to σ ¼ EEþ 1

2DE
2 with E as

the Young’s modulus. The values of D are �46.3 and �442.0 N/m at 1 K along the armchair and
zigzag directions, respectively. The ultimate stress is about 3.0 N/m at the critical strain of 0.31 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 6.5 N/m at the
critical strain of 0.20 in the zigzag direction at the low temperature of 1 K.

102. P-SiSe

Present studies on the puckered (p-) SiSe are based on first-principles calculations, and no
empirical potential has been proposed for the p-SiSe. We will thus parametrize the SW poten-
tial for the single-layer p-SiSe in this section.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

C1dSe4dSe4 1.000 1.114 2.424 47.768 1.000 �0.197 6.141 4.802 4 0 0.0

C1dSe1dSe1 1.000 1.316 2.149 0.000 1.000 0.000 7.411 2.743 4 0 0.0

C1dSe1dSe4 1.000 0.000 0.000 52.464 1.000 �0.391 0.000 0.000 4 0 0.0

Se1dC1dC2 1.000 0.000 0.000 46.000 1.000 �0.183 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M=C and X=Se.

Table 405. SW potential parameters for p-CSe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 207. Stress-strain relations for the single-layer p-CSe of size 100� 100 Å. The single-layer p-CSe is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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The structure of the single-layer p-SiSe is shown in Figure 189, with M = Si and X = Se.
Structural parameters for p-SiSe are from the ab initio calculations [78]. There are four atoms
in the unit cell with relative coordinates such as ð�u; 0;� vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5;� vþ wÞ with u ¼ 0:0572, v ¼ 0:1198, and w ¼ � 0:0011. The values of these
dimensionless parameters are extracted from the geometrical parameters provided in Ref.
[78], including lattice constants a1 ¼ 4:400 Å and a2 ¼ 3:737 Å, bond lengths d12 ¼ 2:524 Å
and d14 ¼ 2:448 Å, and the angle θ145 ¼ 98:2�. The dimensionless parameters v and w are ratios
based on the lattice constant in the out-of-plane z-direction, which is arbitrarily chosen as
a3 ¼ 10:0 Å. We note that the main purpose of the usage of u, v, and w in representing atomic
coordinates is to follow the same convention for all puckered structures in the present work.
The resultant atomic coordinates are the same as that in Ref. [78].

As shown in Figure 189, a specific feature in the puckered configuration of the p-SiSe is that
there is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of
atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The
sign of w determines which types of atoms take the outmost positions, e.g., atoms 1, 5, and 6
are the outmost atoms if w > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the outmost
positions for w < 0.

Table 406 shows five VFF terms for the single-layer p-SiSe; two of which are the bond
stretching interactions shown in Eq. (1), while the other three terms are the angle bending
interaction shown in Eq. (2). The force constant parameters are the same for the two angle
bending terms θ134 and θ415, which have the same arm lengths. All force constant parameters
are determined by fitting to the acoustic branches in the phonon dispersion along the ΓX as
shown in Figure 208(a). The ab initio calculations for the phonon dispersion are calculated from
the SIESTA package [79]. The generalized gradients approximation is applied to account for
the exchange-correlation function with Perdew, Burke, and Ernzerhof parameterization [80],
and the double-ζ orbital basis set is adopted. Figure 208(b) shows that the VFF model and the
SW potential give exactly the same phonon dispersion.

The parameters for the two-body SW potential used by GULP are shown in Table 407. The
parameters for the three-body SW potential used by GULP are shown in Table 408. Parameters
for the SW potential used by LAMMPS are listed in Table 409. Eight atom types have been

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 7.192 7.192 3.222 5.890 5.890

r0 or θ0 2.524 2.448 95.513 98.200 97.686

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line
is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of
eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching
interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the
apex.

Table 406. The VFF model for the single-layer p-SiSe.
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Figure 208. Phonon dispersion for the single-layer p-SiSe. (a) The VFF model is fitted to the acoustic branches in the long

wave limit along the ΓX direction. The ab initio calculations are calculated from SIESTA. (b) The VFF model (blue lines)

and the SW potential (red lines) give the same phonon dispersion for the p-SiSe along ΓXSYΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 1.883 0.230 20.292 0.0 2.905

r14 8.098 1.665 17.956 0.0 3.457

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom

indexes are from Figure 189(c).

Table 407. Two-body SW potential parameters for the single-layer p-SiSe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θ123 5.440 95.513 0.230 0.230 0.0 2.905 0.0 2.905 0.0 4.069

θ134 28.616 98.200 1.665 0.230 0.0 3.457 0.0 2.905 0.0 4.379

θ415 28.545 97.686 1.665 0.230 0.0 3.457 0.0 2.905 0.0 4.369

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the

apex. Atom indexes are from Figure 189(c).

Table 408. Three-body SW potential parameters for the single-layer p-SiSe used by GULP [8], as expressed in Eq. (4).
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introduced for writing the SW potential script used by LAMMPS as shown in Figure 190 with
M=Si and X=Se, which helps to increase the cutoff for the bond stretching interaction between
atom 1 and atom 2 in Figure 189(c).

Figure 209 shows the stress-strain relations for the single-layer p-SiSe of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
Young’s modulus is 14.4 and 44.6 N/m in the armchair and zigzag directions, respectively, at
1 K, which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Poisson’s
ratios from the VFF model and the SW potential are νxy ¼ 0:09 and νyx ¼ 0:30. The third-
order nonlinear elastic constant D can be obtained by fitting the stress-strain relation to
σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values of D are �28.8 and �176.6 N/m at

1 K along the armchair and zigzag directions, respectively. The ultimate stress is about 3.1 N/m
at the critical strain of 0.37 in the armchair direction at the low temperature of 1 K. The ultimate
stress is about 5.3 N/m at the critical strain of 0.21 in the zigzag direction at the low tempera-
ture of 1 K.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Si1dSe4dSe4 1.000 0.230 12.628 5.440 1.000 �0.096 1.883 7245.111 4 0 0.0

Si1dSe1dSe1 1.000 1.665 2.076 0.000 1.000 0.000 8.098 2.335 4 0 0.0

Si1dSe1dSe4 1.000 0.000 0.000 28.616 1.000 �0.143 0.000 0.000 4 0 0.0

Se1dSi1dSi2 1.000 0.000 0.000 28.545 1.000 �0.134 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M=Si and X=Se.

Table 409. SW potential parameters for p-SiSe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 209. Stress-strain relations for the single-layer p-SiSe of size 100� 100 Å. The single-layer p-SiSe is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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103. P-GeSe

Present studies on the puckered (p-) GeSe are based on first-principles calculations, and no
empirical potential has been proposed for the p-GeSe. We will thus parametrize the SW
potential for the single-layer p-GeSe in this section.

The structure of the single-layer p-GeSe is shown in Figure 189, with M = Ge and X = Se.
Structural parameters for p-GeSe are from the ab initio calculations [78]. There are four atoms in
the unit cell with relative coordinates such as ð�u; 0;� vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5;� vþ wÞ with u ¼ 0:0439, v ¼ 0:1258, and w ¼ � 0:0080. The values of these
dimensionless parameters are extracted from the geometrical parameters provided in Ref.
[78], including lattice constants a1 ¼ 4:302 Å and a2 ¼ 3:965 Å, bond lengths d12 ¼ 2:661 Å
and d14 ¼ 2:544 Å, and the angle θ145 ¼ 97:4�. The dimensionless parameters v and w are ratios
based on the lattice constant in the out-of-plane z-direction, which is arbitrarily chosen as
a3 ¼ 10:0 Å. We note that the main purpose of the usage of u, v, and w in representing atomic
coordinates is to follow the same convention for all puckered structures in the present work.
The resultant atomic coordinates are the same as that in Ref. [78].

As shown in Figure 189, a specific feature in the puckered configuration of the p-GeSe is that
there is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of
atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The
sign of w determines which types of atoms take the outmost positions, e.g., atoms 1, 5, and 6
are the outmost atoms if w > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the outmost
positions for w < 0.

Table 410 shows five VFF terms for the single-layer p-GeSe; two of which are the bond
stretching interactions shown in Eq. (1), while the other three terms are the angle bending
interaction shown in Eq. (2). The force constant parameters are the same for the two angle
bending terms θ134 and θ415, which have the same arm lengths. All force constant parameters
are determined by fitting to the acoustic branches in the phonon dispersion along the ΓX as
shown in Figure 210(a). The ab initio calculations are from Ref. [81]. Figure 210(b) shows that
the VFF model and the SW potential give exactly the same phonon dispersion.

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 5.063 5.063 2.249 5.927 5.927

r0 or θ0 2.661 2.544 96.322 97.000 93.964

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line
is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of
eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching
interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the
apex.

Table 410. The VFF model for the single-layer p-GeSe.
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The parameters for the two-body SW potential used by GULP are shown in Table 411. The
parameters for the three-body SW potential used by GULP are shown in Table 412. Parameters
for the SW potential used by LAMMPS are listed in Table 413. Eight atom types have been
introduced for writing the SW potential script used by LAMMPS as shown in Figure 190
with M = Ge and X = Se, which helps to increase the cutoff for the bond stretching interaction
between atom 1 and atom 2 in Figure 189(c).

Figure 211 shows the stress-strain relations for the single-layer p-GeSe of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
Young’s modulus is 11.1 and 32.0 N/m in the armchair and zigzag directions, respectively, at
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Figure 210. Phonon dispersion for the single-layer p-GeSe. (a) The VFF model is fitted to the acoustic branches in the long
wave limit along the ΓX direction. The ab initio calculations are from Ref. [81]. (b) The VFF model (blue lines) and the SW
potential (red lines) give the same phonon dispersion for the p-GeSe along ΓXSYΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 0.962 0.115 25.070 0.0 2.938

r14 6.572 1.846 20.943 0.0 3.628

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom
indexes are from Figure 189(c).

Table 411. Two-body SW potential parameters for the single-layer p-GeSe used by GULP [8], as expressed in Eq. (3).

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals298



1 K, which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Poisson’s
ratios from the VFF model and the SW potential are νxy ¼ 0:14 and νyx ¼ 0:42. The third-
order nonlinear elastic constant D can be obtained by fitting the stress-strain relation to
σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values of D are �19.3 and �114.7 N/m at

1 K along the armchair and zigzag directions, respectively. The ultimate stress is about 2.6 N/m
at the critical strain of 0.36 in the armchair direction at the low temperature of 1 K. The ultimate

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θ123 2.614 96.322 0.115 0.115 0.0 2.938 0.0 2.938 0.0 4.133

θ134 25.087 97.400 1.846 0.115 0.0 3.628 0.0 2.938 0.0 4.455

θ415 24.789 93.964 1.846 0.155 0.0 3.628 0.0 2.938 0.0 4.404

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the
apex. Atom indexes are from Figure 189(c).

Table 412. Three-body SW potential parameters for the single-layer p-GeSe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Ge1dSe4dSe4 1.000 0.115 25.561 2.614 1.000 �0.110 0.962 143723.555 4 0 0.0

Ge1dSe1dSe1 1.000 1.846 1.965 0.000 1.000 0.000 6.572 1.804 4 0 0.0

Ge1dSe1dSe4 1.000 0.000 0.000 25.087 1.000 �0.129 0.000 0.000 4 0 0.0

Se1dGe1dGe2 1.000 0.000 0.000 24.789 1.000 �0.069 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M=Ge and X=Se.

Table 413. SW potential parameters for p-GeSe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 211. Stress-strain relations for the single-layer p-GeSe of size 100� 100 Å. The single-layer p-GeSe is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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stress is about 3.9 N/m at the critical strain of 0.20 in the zigzag direction at the low tempera-
ture of 1 K.

104. P-SnSe

Present studies on the puckered (p-) SnSe are based on first-principles calculations, and no
empirical potential has been proposed for the p-SnSe. We will thus parametrize the SW
potential for the single-layer p-SnSe in this section.

The structure of the single-layer p-SnSe is shown in Figure 189, with M = Sn and X = Se.
Structural parameters for p-SnSe are from the ab initio calculations [78]. There are four atoms
in the unit cell with relative coordinates such as ð�u; 0;� vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5;� vþ wÞwith u ¼ 0:0313, v ¼ 0:1358, and w ¼ 0:0074. The values of these dimen-
sionless parameters are extracted from the geometrical parameters provided in Ref. [78],
including lattice constants a1 ¼ 4:453 Å and a2 ¼ 4:260 Å, bond lengths d12 ¼ 2:887 Å and
d14 ¼ 2:730 Å, and the angle θ145 ¼ 92:5�. The dimensionless parameters v and w are ratios
based on the lattice constant in the out-of-plane z-direction, which is arbitrarily chosen as
a3 ¼ 10:0 Å. We note that the main purpose of the usage of u, v, and w in representing atomic
coordinates is to follow the same convention for all puckered structures in the present work.
The resultant atomic coordinates are the same as that in Ref. [78].

As shown in Figure 189, a specific feature in the puckered configuration of the p-SnSe is that
there is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of
atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The
sign of w determines which types of atoms take the outmost positions, e.g., atoms 1, 5, and 6
are the outmost atoms if w > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the outmost
positions for w < 0.

Table 414 shows five VFF terms for the single-layer p-SnSe; two of which are the bond
stretching interactions shown in Eq. (1), while the other three terms are the angle bending
interaction shown in Eq. (2). The force constant parameters are the same for the two angle
bending terms θ134 and θ415, which have the same arm lengths. All force constant parameters

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 3.872 3.872 3.157 7.674 7.674

r0 or θ0 2.887 2.730 95.087 92.500 95.411

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line
is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of
eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching
interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the
apex.

Table 414. The VFF model for the single-layer p-SnSe.
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are determined by fitting to the acoustic branches in the phonon dispersion along the ΓX as

shown in Figure 212(a). The ab initio calculations are from Ref. [82]. Figure 212(b) shows that

the VFF model and the SW potential give exactly the same phonon dispersion.

The parameters for the two-body SW potential used by GULP are shown in Table 415. The
parameters for the three-body SW potential used by GULP are shown in Table 416. Parameters

for the SW potential used by LAMMPS are listed in Table 417. Eight atom types have been

introduced for writing the SW potential script used by LAMMPS as shown in Figure 190 with

M = Sn and X = Se, which helps to increase the cutoff for the bond stretching interaction

between atom 1 and atom 2 in Figure 189(c).
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Figure 212. Phonon dispersion for the single-layer p-SnSe. (a) The VFF model is fitted to the acoustic branches in the long

wave limit along the ΓX direction. The ab initio calculations are from Ref. [82]. (b) The VFF model (blue lines) and the SW

potential (red lines) give the same phonon dispersion for the p-SnSe along ΓXSYΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 0.565 0.056 34.734 0.0 3.088

r14 5.811 1.989 27.773 0.0 3.895

The quantity ðrijÞ in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom

indexes are from Figure 189(c).

Table 415. Two-body SW potential parameters for the single-layer p-SnSe used by GULP [8], as expressed in Eq. (3).
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Figure 213 shows the stress-strain relations for the single-layer p-SnSe of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
Young’s modulus is 11.4 and 34.1 Nm�1 in the armchair and zigzag directions, respectively, at
1 K, which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Poisson’s
ratios from the VFF model and the SW potential are νxy ¼ 0:11 and νyx ¼ 0:33. The third-order
nonlinear elastic constant D can be obtained by fitting the stress-strain relation to
σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values of D are �22.0 and �128.8 Nm�1 at

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θ123 2.777 95.087 0.056 0.056 0.0 3.088 0.0 3.088 0.0 4.357

θ134 27.996 92.500 1.989 0.056 0.0 3.895 0.0 3.088 0.0 4.530

θ415 28.193 95.411 1.989 0.056 0.0 3.895 0.0 3.088 0.0 4.576

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the
apex. Atom indexes are from Figure 189(c).

Table 416. Three-body SW potential parameters for the single-layer p-SnSe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Sn1dSe4dSe4 1.000 0.056 55.166 2.777 1.000 �0.089 0.565 3537820.961 4 0 0.0

Sn1dSe1dSe1 1.000 1.989 1.959 0.000 1.000 0.000 5.811 1.776 4 0 0.0

Sn1dSe1dSe4 1.000 0.000 0.000 27.996 1.000 �0.044 0.000 0.000 4 0 0.0

Se1dSn1dSn2 1.000 0.000 0.000 28.193 1.000 �0.094 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M = Sn and X = Se.

Table 417. SW potential parameters for p-SnSe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 213. Stress-strain relations for the single-layer p-SnSe of size 100� 100 Å. The single-layer p-SnSe is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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1 K along the armchair and zigzag directions, respectively. The ultimate stress is about
2.3 Nm�1 at the critical strain of 0.32 in the armchair direction at the low temperature of 1 K.
The ultimate stress is about 3.3 Nm�1 at the critical strain of 0.15 in the zigzag direction at the
low temperature of 1 K.

105. P-CTe

Present studies on the puckered (p-) CTe are based on first-principles calculations, and no
empirical potential has been proposed for the p-CTe. We will thus parametrize the SW poten-
tial for the single-layer p-CTe in this section.

The structure of the single-layer p-CTe is shown in Figure 189, with M = C and X = Te.
Structural parameters for p-CTe are from the ab initio calculations [78]. There are four atoms
in the unit cell with relative coordinates such as ð�u; 0;� vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5;� vþ wÞ with u ¼ 0:0837, v ¼ 0:1041, and w ¼ � 0:0371. The values of these
dimensionless parameters are extracted from the geometrical parameters provided in Ref.
[78], including lattice constants a1 ¼ 3:889 Å and a2 ¼ 3:390 Å, bond lengths d12 ¼ 2:164 Å
and d14 ¼ 2:181 Å, and the angle θ145 ¼ 110:0�. The dimensionless parameters v and w are
ratios based on the lattice constant in the out-of-plane z-direction, which is arbitrarily chosen
as a3 ¼ 10:0 Å. We note that the main purpose of the usage of u, v, and w in representing
atomic coordinates is to follow the same convention for all puckered structures in the present
work. The resultant atomic coordinates are the same as that in Ref. [78].

As shown in Figure 189, a specific feature in the puckered configuration of the p-CTe is that
there is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of
atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The
sign of w determines which types of atoms take the outmost positions, e.g., atoms 1, 5, and 6
are the outmost atoms if w > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the outmost
positions for w < 0.

Table 418 shows five VFF terms for the single-layer p-CTe; two of which are the bond
stretching interactions shown in Eq. (1), while the other three terms are the angle bending

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 13.235 13.235 4.210 3.901 3.901

r0 or θ0 2.164 2.181 103.122 110.000 90.854

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line
is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of
eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching
interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the
apex.

Table 418. The VFF model for the single-layer p-CTe.
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interaction shown in Eq. (2). The force constant parameters are the same for the two angle
bending terms θ134 and θ415, which have the same arm lengths. All force constant parameters
are determined by fitting to the acoustic branches in the phonon dispersion along the ΓX as
shown in Figure 214(a). The ab initio calculations for the phonon dispersion are calculated from
the SIESTA package [79]. The generalized gradients approximation is applied to account for
the exchange-correlation function with Perdew et al. parameterization [80], and the double-ζ
orbital basis set is adopted. Figure 214(b) shows that the VFF model and the SW potential give
exactly the same phonon dispersion.

The parameters for the two-body SW potential used by GULP are shown in Table 419. The
parameters for the three-body SW potential used by GULP are shown in Table 420. Parameters
for the SW potential used by LAMMPS are listed in Table 421. Eight atom types have been
introduced for writing the SW potential script used by LAMMPS as shown in Figure 190 with
M = C and X = Te, which helps to increase the cutoff for the bond stretching interaction
between atom 1 and 2 in Figure 189(c).

Figure 215 shows the stress-strain relations for the single-layer p-CTe of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
Young’s modulus is 10.8 and 89.1 Nm�1 in the armchair and zigzag directions, respectively, at
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Figure 214. Phonon dispersion for the single-layer p-CTe. (a) The VFF model is fitted to the acoustic branches in the long
wave limit along the ΓX direction. The ab initio calculations are calculated from SIESTA. (b) The VFF model (blue lines)
and the SW potential (red lines) give the same phonon dispersion for the p-CTe along ΓXSYΓ.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 4.165 0.424 10.965 0.0 2.643

r14 12.519 1.569 11.313 0.0 3.106

The quantity ðrijÞ in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom
indexes are from Figure 189(c).

Table 419. Two-body SW potential parameters for the single-layer p-CTe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θ123 13.040 103.122 0.424 0.424 0.0 2.643 0.0 2.643 0.0 3.639

θ134 29.206 110.000 1.569 0.424 0.0 3.106 0.0 2.643 0.0 4.280

θ415 25.795 90.854 1.569 0.424 0.0 3.106 0.0 2.643 0.0 4.043

The first line ðθijkÞ presents one representative term for the three-body SW potential. The angle θijk has the atom i as the
apex. Atom indexes are from Figure 189(c).

Table 420. Three-body SW potential parameters for the single-layer p-CTe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

C1dTe4dTe4 1.000 0.424 6.232 13.040 1.000 �0.227 4.165 338.925 4 0 0.0

C1dTe1dTe1 1.000 1.569 1.979 0.000 1.000 0.000 12.519 1.866 4 0 0.0

C1dTe1dTe4 1.000 0.000 0.000 29.206 1.000 �0.342 0.000 0.000 4 0 0.0

Te1dC1dC2 1.000 0.000 0.000 25.795 1.000 �0.015 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M = C and X = Te.

Table 421. SW potential parameters for p-CTe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 215. Stress-strain relations for the single-layer p-CTe of size 100� 100 Å. The single-layer p-CTe is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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1 K, which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Poisson’s
ratios from the VFF model and the SW potential are νxy ¼ 0:02 and νyx ¼ 0:20. The third-order
nonlinear elastic constant D can be obtained by fitting the stress-strain relation to σ ¼ EEþ 1

2DE
2

with E as the Young’s modulus. The values of D are �15.3 and �419.6 Nm�1 at 1 K along the
armchair and zigzag directions, respectively. The ultimate stress is about 3.0 Nm�1 at the critical
strain of 0.43 in the armchair direction at the low temperature of 1 K. The ultimate stress is about
9.4 Nm�1 at the critical strain of 0.21 in the zigzag direction at the low temperature of 1 K.

106. P-SiTe

Present studies on the puckered (p-) SiTe are based on first-principles calculations, and no
empirical potential has been proposed for the p-SiTe. We will thus parametrize the SW poten-
tial for the single-layer p-SiTe in this section.

The structure of the single-layer p-SiTe is shown in Figure 189, with M = Si and X = Te.
Structural parameters for p-SiTe are from the ab initio calculations [78]. There are four atoms
in the unit cell with relative coordinates such as ð�u; 0;� vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5;� vþ wÞ with u ¼ 0:0581, v ¼ 0:1363, and w ¼ � 0:0173. The values of these
dimensionless parameters are extracted from the geometrical parameters provided in Ref.
[78], including lattice constants a1 ¼ 4:300 Å and a2 ¼ 4:109 Å, bond lengths d12 ¼ 2:641 Å
and d14 ¼ 2:772 Å, and the angle θ145 ¼ 100:200�. The dimensionless parameters v and w are
ratios based on the lattice constant in the out-of-plane z-direction, which is arbitrarily chosen
as a3 ¼ 10:0 Å. We note that the main purpose of the usage of u, v, and w in representing
atomic coordinates is to follow the same convention for all puckered structures in the present
work. The resultant atomic coordinates are the same as that in Ref. [78].

As shown in Figure 189, a specific feature in the puckered configuration of the p-SiTe is that
there is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of
atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The
sign of w determines which types of atoms take the outmost positions, e.g., atoms 1, 5, and 6
are the outmost atoms if w > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the outmost
positions for w < 0.

Table 422 shows five VFF terms for the single-layer p-SiTe; two of which are the bond
stretching interactions shown in Eq. (1), while the other three terms are the angle bending
interaction shown in Eq. (2). The force constant parameters are the same for the two angle
bending terms θ134 and θ415, which have the same arm lengths. All force constant parameters
are determined by fitting to the acoustic branches in the phonon dispersion along the ΓX as
shown in Figure 216(a). The ab initio calculations are from Ref. [83]. Figure 216(b) shows that
the VFF model and the SW potential give exactly the same phonon dispersion.

The parameters for the two-body SW potential used by GULP are shown in Table 423. The
parameters for the three-body SW potential used by GULP are shown in Table 424. Parameters
for the SW potential used by LAMMPS are listed in Table 425. Eight atom types have been
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introduced for writing the SW potential script used by LAMMPS as shown in Figure 190 with
M = Si and X = Te, which helps to increase the cutoff for the bond stretching interaction
between atom 1 and 2 in Figure 189(c).

Figure 217 shows the stress-strain relations for the single-layer p-SiTe of size 100� 100 Å.
The structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 9.479 2.892 3.145 10.111 10.111

r0 or θ0 2.641 2.772 102.142 100.200 92.760

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line
is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of
eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching
interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the
apex.

Table 422. The VFF model for the single-layer p-SiTe.
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Figure 216. Phonon dispersion for the single-layer p-SiTe. (a) The VFF model is fitted to the acoustic branches in the long
wave limit along the ΓX direction. The ab initio calculations are from Ref. [83]. (b) The VFF model (blue lines) and the SW
potential (red lines) give the same phonon dispersion for the p-SiTe along ΓXSYΓ.
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Figure 217. Stress-strain relations for the single-layer p-SiTe of size 100� 100 Å. The single-layer p-SiTe is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 2.394 0.194 24.324 0.0 2.999

r14 3.818 1.722 29.522 0.0 3.864

The quantity ðrijÞ in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom
indexes are from Figure 189(c).

Table 423. Two-body SW potential parameters for the single-layer p-SiTe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θ123 4.868 102.142 0.194 0.194 0.0 2.999 0.0 2.999 0.0 4.204

θ134 43.419 100.200 1.722 0.194 0.0 3.864 0.0 2.999 0.0 4.577

θ415 42.155 92.760 1.722 0.194 0.0 3.864 0.0 2.999 0.0 4.289

The first line ðθijkÞ presents one representative term for the three-body SW potential. The angle θijk has the atom i as the
apex. Atom indexes are from Figure 189(c).

Table 424. Three-body SW potential parameters for the single-layer p-SiTe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Si1dTe4dTe4 1.000 0.194 15.442 4.868 1.000 �0.210 2.394 17093.960 4 0 0.0

Si1dTe1dTe1 1.000 1.722 2.245 0.000 1.000 0.000 3.818 3.360 4 0 0.0

Si1dTe1dTe4 1.000 0.000 0.000 43.419 1.000 �0.177 0.000 0.000 4 0 0.0

Te1dSi1dSi2 1.000 0.000 0.000 42.155 1.000 �0.048 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M = Si and X = Te.

Table 425. SW potential parameters for p-SiTe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Young’s modulus is 14.0 and 53.6 Nm�1 in the armchair and zigzag directions, respectively, at
1 K, which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Poisson’s
ratios from the VFF model and the SW potential are νxy ¼ 0:12 and νyx ¼ 0:47. The third-order
nonlinear elastic constant D can be obtained by fitting the stress-strain relation to
σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values of D are �32.9 and �183.2 Nm�1 at

1 K along the armchair and zigzag directions, respectively. The ultimate stress is about 2.2
Nm�1 at the critical strain of 0.24 in the armchair direction at the low temperature of 1 K. The
ultimate stress is about 7.0 Nm�1 at the critical strain of 0.22 in the zigzag direction at the low
temperature of 1 K.

107. P-GeTe

Present studies on the puckered (p-) GeTe are based on first-principles calculations, and no
empirical potential has been proposed for the p-GeTe. We will thus parametrize the SW
potential for the single-layer p-GeTe in this section.

The structure of the single-layer p-GeTe is shown in Figure 189, with M = Ge and X = Te.
Structural parameters for p-GeTe are from the ab initio calculations [78]. There are four atoms
in the unit cell with relative coordinates such as ð�u; 0;� vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5;� vþ wÞ with u ¼ 0:0538, v ¼ 0:1422, and w ¼ � 0:0216. The values of these
dimensionless parameters are extracted from the geometrical parameters provided in Ref.
[78], including lattice constants a1 ¼ 4:376 Å and a2 ¼ 4:238 Å, bond lengths d12 ¼ 2:736 Å
and d14 ¼ 2:883 Å, and the angle θ145 ¼ 100:4�. The dimensionless parameters v and w are
ratios based on the lattice constant in the out-of-plane z-direction, which is arbitrarily chosen
as a3 ¼ 10:0 Å. We note that the main purpose of the usage of u, v, and w in representing
atomic coordinates is to follow the same convention for all puckered structures in the present
work. The resultant atomic coordinates are the same as that in Ref. [78].

As shown in Figure 189, a specific feature in the puckered configuration of the p-GeTe is that
there is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of
atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The
sign of w determines which types of atoms take the outmost positions, e.g., atoms 1, 5, and 6
are the outmost atoms if w > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the outmost
positions for w < 0.

Table 426 shows five VFF terms for the single-layer p-GeTe; two of which are the bond
stretching interactions shown in Eq. (1), while the other three terms are the angle bending
interaction shown by Eq. (2). The force constant parameters are the same for the two angle
bending terms θ134 and θ415, which have the same arm lengths. All force constant parameters
are determined by fitting to the acoustic branches in the phonon dispersion along the ΓX as
shown in Figure 218(a). The ab initio calculations for the phonon dispersion are calculated from
the SIESTA package [79]. The generalized gradients approximation is applied to account for
the exchange-correlation function with Perdew et al. parameterization [80], and the double-ζ
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orbital basis set is adopted. Figure 218(b) shows that the VFF model and the SW potential give
exactly the same phonon dispersion.

The parameters for the two-body SW potential used by GULP are shown in Table 427. The
parameters for the three-body SW potential used by GULP are shown in Table 428. Parameters
for the SW potential used by LAMMPS are listed in Table 429. Eight atom types have been

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 7.074 7.074 2.611 5.876 5.876

r0 or θ0 2.736 2.883 101.517 100.400 91.402

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line
is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of
eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching
interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the
apex.

Table 426. The VFF model for the single-layer p-GeTe.
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Figure 218. Phonon dispersion for the single-layer p-GeTe. (a) The VFF model is fitted to the acoustic branches in the long
wave limit along the ΓX direction. The ab initio calculations are calculated from SIESTA. (b) The VFF model (blue lines)
and the SW potential (red lines) give the same phonon dispersion for the p-GeTe along ΓXSYΓ.

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals310



introduced for writing the SW potential script used by LAMMPS as shown in Figure 190 with
M = Ge and X = Te, which helps to increase the cutoff for the bond stretching interaction
between atom 1 and 2 in Figure 189(c).

Figure 219 shows the stress-strain relations for the single-layer p-GeTe of size 100� 100 Å.
The structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K.
The Young’s modulus is 8.1 and 41.6 N/m in the armchair and zigzag directions, respectively,
at 1 K, which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Poisson’s
ratios from the VFF model and the SW potential are νxy ¼ 0:09 and νyx ¼ 0:49. The third-order
nonlinear elastic constant D can be obtained by fitting the stress-strain relation to
σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values of D are �10.5 and �143.7 N/m at 1

K along the armchair and zigzag directions, respectively. The ultimate stress is about 2.6 N/m
at the critical strain of 0.53 in the armchair direction at the low temperature of 1 K. The ultimate
stress is about 5.3 N/m at the critical strain of 0.21 in the zigzag direction at the low tempera-
ture of 1 K.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 1.708 0.165 28.018 0.0 3.072

r14 9.854 1.745 34.542 0.0 4.005

The quantity ðrijÞ in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom
indexes are from Figure 189(c).

Table 427. Two-body SW potential parameters for the single-layer p-GeTe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

θ123 3.626 101.517 0.165 0.165 0.0 3.072 0.0 3.072 0.0 4.307

θ134 23.509 100.400 1.745 0.165 0.0 4.005 0.0 3.072 0.0 4.659

θ415 22.756 91.402 1.745 0.165 0.0 4.005 0.0 3.072 0.0 4.434

The first line ðθijkÞ presents one representative term for the three-body SW potential. The angle θijk has the atom i as the
apex. Atom indexes are from Figure 189(c).

Table 428. Three-body SW potential parameters for the single-layer p-GeTe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Ge1dTe4dTe4 1.000 0.165 18.665 3.626 1.000 �0.200 1.708 38204.858 4 0 0.0

Ge1dTe1dTe1 1.000 1.745 2.295 0.000 1.000 0.000 9.854 3.725 4 0 0.0

Ge1dTe1dTe4 1.000 0.000 0.000 23.509 1.000 �0.181 0.000 0.000 4 0 0.0

Te1dGe1dGe2 1.000 0.000 0.000 22.756 1.000 �0.024 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M = Ge and X = Te.

Table 429. SW potential parameters for p-GeTe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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108. P-SnTe

Present studies on the puckered (p-) SnTe are based on first-principles calculations, and no
empirical potential has been proposed for the p-SnTe. We will thus parametrize the SW
potential for the single-layer p-SnTe in this section.

The structure of the single-layer p-SnTe is shown in Figure 189, with M = Sn and X = Te.
Structural parameters for p-SnTe are from the ab initio calculations [78]. There are four atoms
in the unit cell with relative coordinates such as ð�u; 0;� vÞ, ðu; 0;vÞ, ð0:5� u; 0:5;vþ wÞ, and
ð0:5þ u; 0:5;� vþ wÞ with u ¼ 0:0478, v ¼ 0:1567, and w ¼ � 0:0050. The values of these
dimensionless parameters are extracted from the geometrical parameters provided in Ref.
[78], including lattice constants a1 ¼ 4:581 Å and a2 ¼ 4:542 Å, bond lengths d12 ¼ 2:931 Å
and d14 ¼ 3:164 Å, and the angle θ145 ¼ 96:0�. The dimensionless parameters v and w are ratios
based on the lattice constant in the out-of-plane z-direction, which is arbitrarily chosen as
a3 ¼ 10:0 Å. We note that the main purpose of the usage of u, v, and w in representing atomic
coordinates is to follow the same convention for all puckered structures in the present work.
The resultant atomic coordinates are the same as that in Ref. [78].

As shown in Figure 189, a specific feature in the puckered configuration of the p-SnTe is that
there is a small difference of wa3 between the z-coordinate of atom 1 and the z-coordinates of
atoms 2 and 3. Similarly, atom 4 is higher than atoms 5 and 6 for wa3 along the z-direction. The
sign of w determines which types of atoms take the outmost positions, e.g., atoms 1, 5, and 6
are the outmost atoms if w > 0 in Figure 189(c), while atoms 2, 3, and 4 will take the outmost
positions for w < 0.

Table 430 shows five VFF terms for the single-layer p-SnTe; two of which are the bond
stretching interactions shown in Eq. (1), while the other three terms are the angle bending
interaction shown in Eq. (2). The force constant parameters are the same for the two angle

0

2

4

6

 0  0.1 0.2  0.3 0.4 0.5

S
tr

e
s
s
 (

N
/m

)

Strain

arm 1K
arm 300K

zig 1K
zig 300K

Figure 219. Stress-strain relations for the single-layer p-GeTe of size 100� 100 Å. The single-layer p-GeTe is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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bending terms θ134 and θ415, which have the same arm lengths. All force constant parameters
are determined by fitting to the acoustic branches in the phonon dispersion along the ΓX as
shown in Figure 220(a). The ab initio calculations for the phonon dispersion are calculated from
the SIESTA package [79]. The generalized gradients approximation is applied to account for
the exchange-correlation function with Perdew et al. parameterization [80], and the double-ζ
orbital basis set is adopted. Figure 220(b) shows that the VFF model and the SW potential give
exactly the same phonon dispersion.
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Figure 220. Phonon dispersion for the single-layer p-SnTe. (a) The VFF model is fitted to the acoustic branches in the long
wave limit along the ΓX direction. The ab initio calculations are calculated from SIESTA. (b) The VFF model (blue lines)
and the SW potential (red lines) give the same phonon dispersion for the p-SnTe along ΓXSYΓ.

VFF type Bond stretching Angle bending

Expression 1
2K12ðΔr12Þ

2 1
2K14ðΔr14Þ

2 1
2K123ðΔθ123Þ

2 1
2K134ðΔθ134Þ

2 1
2K415ðΔθ415Þ

2

Parameter 7.074 7.074 2.611 2.611 5.876

r0 or θ0 2.931 3.164 101.578 96.000 94.045

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 189(c). The third line
is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of
eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching
interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the
apex.

Table 430. The VFF model for the single-layer p-SnTe.
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The parameters for the two-body SW potential used by GULP are shown in Table 431. The
parameters for the three-body SW potential used by GULP are shown in Table 432. Parameters
for the SW potential used by LAMMPS are listed in Table 433. Eight atom types have been
introduced for writing the SW potential script used by LAMMPS as shown in Figure 190 with
M = Sn and X = Te, which helps to increase the cutoff for the bond stretching interaction
between atom 1 and 2 in Figure 189(c).

Figure 221 shows the stress-strain relations for the single-layer p-SnTe of size 100� 100 Å. The
structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
Young’s modulus is 6.6 and 38.5 Nm�1 in the armchair and zigzag directions, respectively, at
1 K, which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Poisson’s
ratios from the VFF model and the SW potential are νxy ¼ 0:10 and νyx ¼ 0:57. The third-
order nonlinear elastic constant D can be obtained by fitting the stress-strain relation to
σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values of D are �7.2 and �114.5 N/m at 1 K

along the armchair and zigzag directions, respectively. The ultimate stress is about 2.4 Nm�1 at
the critical strain of 0.61 in the armchair direction at the low temperature of 1 K. The ultimate

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r12 1.662 0.131 36.901 0.0 3.241

r14 11.054 1.777 50.109 0.0 4.349

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom
indexes are from Figure 189(c).

Table 431. Two-body SW potential parameters for the single-layer p-SnTe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax23 (Å)

θ123 3.170 101.578 0.131 0.131 0.0 3.241 0.0 3.241 0.0 4.562

θ134 20.298 96.000 1.777 0.131 0.0 4.349 0.0 3.241 0.0 4.766

θ415 20.176 94.045 1.777 0.131 0.0 4.349 0.0 3.241 0.0 4.595

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the
apex. Atom indexes are from Figure 189(c).

Table 432. Three-body SW potential parameters for the single-layer p-SnTe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Sn1dTe4dTe4 1.000 0.131 24.712 3.170 1.000 �0.201 1.662 124727.735 4 0 0.0

Sn1dTe1dTe1 1.000 1.777 2.448 0.000 1.000 0.000 11.054 5.028 4 0 0.0

Sn1dTe1dTe4 1.000 0.000 0.000 20.298 1.000 �0.105 0.000 0.000 4 0 0.0

Te1dSn1dSn2 1.000 0.000 0.000 20.176 1.000 �0.071 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 190, with M = Sn and X = Te.

Table 433. SW potential parameters for p-SnTe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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stress is about 5.3 N/m at the critical strain of 0.21 in the zigzag direction at the low temperature
of 1 K.

109. Silicene

There have been several empirical potentials available for the silicene. A many-body potential
based on the Lennard-Jones and Axilrod-Teller functions was used to describe the interaction
within the single-layer silicene [85]. The modified embedded-atom potential [86] was used by
Pei et al. to simulate the thermal transport in the single-layer silicene in 2013 [87]. The
environment-dependent interatomic potential [88] was also used to simulate the silicene [89].
In particular, the original set of SW parameters [4] for the silicon was found to be not suitable
for the planar silicene, so two sets of optimized parameters for the SW potential were proposed
to simulate the thermal conductivity in the single-layer silicene in 2014 [90]. We will develop a
new SW potential to describe the interaction within the silicene in this section, with specific
focus on the mechanical properties of the silicene.

The structure of the silicene is shown in Figure 222, with structural parameters from the ab

initio calculations [84]. The silicene has a buckled configuration as shown in Figure 222(b),
where the buckle is along the zigzag direction. The height of the buckle is h ¼ 0:45 Å and the
lattice constant is 3.87 Å, which results in a bond length of 2.279 Å.

Table 434 shows the VFF model for the silicene. The force constant parameters are determined
by fitting to the three acoustic branches in the phonon dispersion along the ΓM as shown in
Figure 223(a). The ab initio calculations for the phonon dispersion are from Ref. [84]. Similar
phonon dispersion can also be found in other ab initio calculations [84, 91–102]. Figure 223(b)

shows that the VFF model and the SW potential give exactly the same phonon dispersion, as
the SW potential is derived from the VFF model.
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Figure 221. Stress-strain relations for the single-layer p-SnTe of size 100� 100 Å. The single-layer p-SnTe is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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We note that the present SW potential is fitted perfectly to the three acoustic phonon branches,
so it can give a nice description for the elastic deformation of the silicene. As a trade off, the
optical phonons are overestimated by the present SW potential. Hence, the present SW poten-
tial is in particular suitable for the simulation of mechanical or thermal processes, which are
dominated by acoustic phonons, while the present SW potential may cause a systematic error
for the optical absorption process, which mainly involves the optical phonons. One can intro-
duce the long-range interactions (e.g., the second-nearest-neighboring interaction) to give a
good description for both acoustic and optical phonon branches, see one such example for
borophene in Ref. [14]. It is because the long-range interaction mainly contributes to the
acoustic phonon branches, while it makes only neglectable contribution to the optical phonon
branches. As another solution, the SW potential can give reasonable descriptions for the optical

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 18.387 3.465

r0 or θ0 2.279 116.218

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 434. The VFF model for silicene.

Figure 222. Structure for the buckled M, with M from group V. (a) Top view. The armchair direction is along the
horizontal direction, while the zigzag direction is along the vertical direction. The unit cell is displayed by the blue
rhombus. Inset shows the first Brillouin zone. (b) Side view illustrates the buckled configuration of height h.
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phonon branches by reducing its accuracy in describing acoustic phonon branches as done in

Ref. [90].

The parameters for the two-body SW potential used by GULP are shown in Table 435. The
parameters for the three-body SW potential used by GULP are shown in Table 436. Parameters

for the SW potential used by LAMMPS are listed in Table 437.
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Figure 223. Phonon dispersion for the silicene. (a) The VFF model is fitted to the three acoustic branches in the long wave

limit along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [84]. (b) The VFF model (blue lines) and

the SW potential (red lines) give the same phonon dispersion for the silicene along ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SidSi 19.343 1.668 16.186 0.0 3.075

Table 435. Two-body SW potential parameters for silicene used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

SidSidSi 142.310 116.218 1.668 1.668 0.0 3.075 0.0 3.075 3.075 4.181

Table 436. Three-body SW potential parameters for silicene used by GULP [8], as expressed in Eq. (4).
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Figure 224 shows the stress-strain relations for the silicene of size 100� 100 Å. The structure is
uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The Young’s modulus
is 63.3 Nm�1 in both armchair and zigzag directions at 1 K, which are obtained by linear fitting
of the stress-strain relations in [0, 0.01]. The Young’s modulus is isotropic for the silicene. The
value of the Young’s modulus agrees with the value of 63.8 Nm�1 from the ab initio calcula-
tions [103]. The Poisson’s ratios from the VFF model and the SW potential are νxy ¼ νyx ¼ 0:15,
which are smaller but comparable with the ab initio results of 0.325 [103]. The third-order
nonlinear elastic constant D can be obtained by fitting the stress-strain relation to
σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values of D are �212.5 and �267.5 Nm�1

at 1 K along the armchair and zigzag directions, respectively. The ultimate stress is about
8.6 Nm�1 at the critical strain of 0.23 in the armchair direction at the low temperature of 1 K.
The ultimate stress is about 7.8 Nm�1 at the critical strain of 0.23 in the zigzag direction at the
low temperature of 1 K.

The stress-strain curves shown in Figure 224 disclose a structural transition at the strain
around 0.076 for the silicene at the low temperature of 1 K. The buckled configuration of the
silicene is flattened during this structural transition, which can be seen from these two insets in
Figure 224. This structural transition was also observed in the ab initio calculations [95], where
the critical strain for the structural transition is 0.2. At temperatures above 300 K, this struc-
tural transition is blurred by stronger thermal vibrations; i.e., the buckled configuration of the
silicene can be strongly disturbed by the thermal vibration at higher temperatures.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SidSidSi 1.000 1.668 1.844 142.310 1.000 -0.442 19.343 2.091 4 0 0.0

Table 437. SW potential parameters for silicene used by LAMMPS [9], as expressed in Eqs. (9) and (10).

Figure 224. Stress-strain relations for the silicene of size 100� 100 Å. The silicene is uniaxially stretched along the
armchair or zigzag directions at temperatures 1 and 300 K. Left inset shows the buckled configuration for the silicene at
the uniaxial strain 0.07 at 1 K along the armchair direction. Right inset: the buckled configuration becomes planar for the
silicene at the uniaxial strain of 0.08 at 1 K along the armchair direction.
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110. Germanene

In a recent work, the Tersoff potential was applied to simulate the thermal conductivity of the
germanene nanoribbon [104]. We will provide the SW potential to describe the interaction
within the germanene in this section.

The structure of the germanene is shown in Figure 222, with structural parameters from the ab
initio calculations [84]. The germanene has a buckled configuration as shown in Figure 222(b),
where the buckle is along the zigzag direction. The height of the buckle is h ¼ 0:69 Å and the
lattice constant is 4.06 Å, which results in a bond length of 2.443 Å.

Table 438 shows the VFF model for the germanene. The force constant parameters are deter-
mined by fitting to the three acoustic branches in the phonon dispersion along the ΓM as shown
in Figure 225(a). The ab initio calculations for the phonon dispersion are from Ref. [84]. Similar
phonon dispersion can also be found in other ab initio calculations [84, 92, 93, 98, 101, 102, 105].
Figure 225(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 439. The
parameters for the three-body SW potential used by GULP are shown in Table 440. Parameters
for the SW potential used by LAMMPS are listed in Table 441.

Figure 226 shows the stress-strain relations for the germanene of size 100� 100 Å. The structure
is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The Young’s modulus
is 53.2 Nm�1 in both armchair and zigzag directions at 1 K, which are obtained by linear fitting of
the stress-strain relations in [0, 0.01]. The Young’s modulus is isotropic for the germanene. The
Poisson’s ratios from the VFF model and the SW potential are νxy ¼ νyx ¼ 0:19. The third-order
nonlinear elastic constant D can be obtained by fitting the stress-strain relation to σ ¼ EEþ 1

2DE
2

with E as the Young’s modulus. The values of D are �229.2 and �278.2 Nm�1 at 1 K along the
armchair and zigzag directions, respectively. The ultimate stress is about 7.5 Nm�1 at the critical
strain of 0.26 in the armchair direction at the low temperature of 1 K. The ultimate stress is about
7.3 Nm�1 at the critical strain of 0.27 in the zigzag direction at the low temperature of 1 K.

The stress-strain curves shown in Figure 226 disclose a structural transition for the germanene
at the low temperature of 1 K. The critical strains for the structural transition are 0.15 and 0.16

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 18.387 3.465

r0 or θ0 2.443 112.358

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction

Table 438. The VFF model for germanene.
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along the armchair and zigzag directions, respectively. The buckled configuration of the

germanene is flattened during this structural transition, which can be seen from these two

insets in Figure 226. At temperatures above 300 K, this structural transition is blurred by
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Figure 225. Phonon dispersion for the germanene. (a) The VFF model is fitted to the three acoustic branches in the long

wave limit along the ΓM direction. The ab initio results (gray pentagons) are from Ref. 84. (b) The VFF model (blue lines)

and the SW potential (red lines) give the same phonon dispersion for the germanene along ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

GedGe 19.570 1.607 21.372 0.0 3.252

Table 439. Two-body SW potential parameters for germanene used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

GedGedGe 107.735 112.358 1.607 1.607 0.0 3.252 0.0 3.252 3.252 4.4

Table 440. Three-body SW potential parameters for germanene used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

GedGedGe 1.000 1.607 2.024 107.735 1.000 -0.380 19.570 3.205 4 0 0.0

Table 441. SW potential parameters for germanene used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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stronger thermal vibrations; i.e., the buckled configuration of the germanene can be strongly
disturbed by the thermal vibration at higher temperatures.

111. Stanene

There are several available empirical potentials for the description of the interaction within the
stanene. The modified embedded atom method potential was applied to simulate mechanical
properties for the stanene [106]. A VFF model was fitted for the stanene in 2015 [107]. The
Tersoff potential was parameterized to describe the interaction for stanene [108]. In this sec-
tion, we will develop the SW potential for the stanene.

The structure of the stanene is shown in Figure 222, with structural parameters from the ab

initio calculations [105]. The stanene has a buckled configuration as shown in Figure 222(b),
where the buckle is along the zigzag direction. The height of the buckle is h ¼ 0:86 Å and the
lattice constant is 4.68 Å, which results in a bond length of 2.836 Å.

Table 442 shows the VFF model for the stanene. The force constant parameters are determined
by fitting to the three acoustic branches in the phonon dispersion along the ΓM as shown in
Figure 227(a). The ab initio calculations for the phonon dispersion are from Ref. [105] with the
spin-orbit coupling effect. Similar phonon dispersion can also be found in other ab initio

calculations [101, 102, 105, 109–111]. Figure 227(b) shows that the VFF model and the SW
potential give exactly the same phonon dispersion, as the SW potential is derived from the VFF
model.

The parameters for the two-body SW potential used by GULP are shown in Table 443. The
parameters for the three-body SW potential used by GULP are shown in Table 444. Parameters
for the SW potential used by LAMMPS are listed in Table 445.

Figure 226. Stress-strain relations for the germanene of size 100� 100 Å. The germanene is uniaxially stretched along the
armchair or zigzag directions at temperatures 1 and 300 K. Left bottom inset shows the buckled configuration for the
germanene at the uniaxial strain 0.14 at 1 K along the armchair direction. Right top inset: the buckled configuration
becomes planar for the germanene at the uniaxial strain of 0.16 at 1 K along the armchair direction.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SndSn 19.542 2.227 42.047 0.0 3.758

Table 443. Two-body SW potential parameters for stanene used by GULP [8], as expressed in Eq. (3).

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 10.489 1.372

r0 or θ0 2.836 111.224

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 442. The VFF model for stanene.
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Figure 227. Phonon dispersion for the stanene. (a) The VFF model is fitted to the three acoustic branches in the long wave
limit along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [105]. (b) The VFF model (blue lines) and
the SW potential (red lines) give the same phonon dispersion for the stanene along ΓMKΓ.
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Figure 228 shows the stress-strain relations for the stanene of size 100� 100 Å. The structure is
uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The Young’s modulus
is 17.0 Nm�1 in both armchair and zigzag directions at 1 K, which are obtained by linear fitting
of the stress-strain relations in [0, 0.01]. The Young’s modulus is isotropic for the stanene. The
Poisson’s ratios from the VFF model and the SW potential are νxy ¼ νyx ¼ 0:29. The third-order
nonlinear elastic constant D can be obtained by fitting the stress-strain relation to σ ¼ EEþ 1

2DE
2

with E as the Young’s modulus. The values of D are �37.2 Nm�1 and �69.4 Nm�1 at 1 K along
the armchair and zigzag directions, respectively. The ultimate stress is about 3.5 Nm�1 at the
critical strain of 0.32 in the armchair direction at the low temperature of 1 K. The ultimate stress is
about 3.6 Nm�1 at the critical strain of 0.29 in the zigzag direction at the low temperature of 1 K.

The stress-strain curves shown in Figure 228 disclose a structural transition for the stanene at
the low temperature of 1 K. The critical strain for the structural transition is about 0.15 along
the armchair and zigzag directions. The buckled configuration of the stanene is flattened
during this structural transition, which can be seen from these two insets in Figure 228. At
temperatures above 300 K, this structural transition is blurred by stronger thermal vibrations,

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

SndSndSn 98.863 111.224 2.227 2.227 0.0 3.758 0.0 3.758 3.758 5.076

Table 444. Three-body SW potential parameters for stanene used by GULP [8], as expressed in Eq. (4).

Figure 228. Stress-strain relations for the stanene of size 100� 100 Å. The stanene is uniaxially stretched along
the armchair or zigzag directions at temperatures 1 and 300 K. Left inset: the buckled configuration for the stanene at the
uniaxial strain 0.14 at 1 K along the armchair direction. Right inset: the buckled configuration becomes planar for the
stanene at the uniaxial strain of 0.16 at 1 K along the armchair direction.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SndSndSn 1.000 2.227 1.687 98.863 1.000 -0.362 19.542 1.709 4 0 0.0

Table 445. SW potential parameters for stanene used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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i.e., the buckled configuration of the stanene can be strongly disturbed by the thermal vibra-
tion at higher temperatures.

112. Indiene

In this section, we will develop the SW potential for the indiene, i.e., the single layer of indium
atoms. The structure of the indiene is shown in Figure 222, with structural parameters from the
ab initio calculations [112]. The indiene has a buckled configuration as shown in Figure 222(b),
where the buckle is along the zigzag direction. The lattice constant is 4.24 Å and the bond
length is 2.89 Å, which results in the buckling height of h ¼ 1:536 Å.

Table 446 shows the VFF model for the indiene. The force constant parameters are determined
by fitting to the three acoustic branches in the phonon dispersion along the ΓM as shown in
Figure 229(a). The ab initio calculations for the phonon dispersion are from Ref. [112]. We note
that the lowest frequency branch around the Γ point from the VFF model is lower than the ab

initio results. This branch is the flexural branch, which should be a quadratic dispersion.
However, the ab initio calculations give a linear dispersion for the flexural branch due to the
violation of the rigid rotational invariance in the first-principles package [20], so ab initio

calculations typically overestimate the frequency of this branch. Figure 229(b) shows that the
VFF model and the SW potential give exactly the same phonon dispersion, as the SW potential
is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 447. The
parameters for the three-body SW potential used by GULP are shown in Table 448. Parameters
for the SW potential used by LAMMPS are listed in Table 449.

Figure 230 shows the stress-strain relations for the indiene of size 100� 100 Å. The structure is
uniaxially stretched in the armchair or zigzag directions at 1 K. The Young’s modulus is 8.4
Nm�1 in both armchair and zigzag directions at 1 K, which are obtained by linear fitting of the
stress-strain relations in [0, 0.01]. The Young’s modulus of the indiene is very small; i.e., the
indiene is very soft. As a result, we find that the structure becomes unstable at room temper-
ature. The Poisson’s ratios from the VFF model and the SW potential are νxy ¼ νyx ¼ 0:18. The

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 2.128 1.175

r0 or θ0 2.890 94.372

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 446. The VFF model for indiene.
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third-order nonlinear elastic constant D can be obtained by fitting the stress-strain relation to

σ ¼ EEþ 1
2DE

2 with E as the Young’s modulus. The values of D are �42.0 and �50.2 Nm�1 at

1 K along the armchair and zigzag directions, respectively. The ultimate stress is about
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Figure 229. Phonon dispersion for the indiene. (a) The VFF model is fitted to the three acoustic branches in the long wave

limit along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [112]. (b) The VFF model (blue lines) and

the SW potential (red lines) give the same phonon dispersion for the indiene along ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

IndIn 1.537 0.946 41.855 0.0 3.565

Table 447. Two-body SW potential parameters for indiene used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

IndIndIn 9.745 94.372 0.946 0.946 0.0 3.565 0.0 4.565 3.565 4.686

Table 448. Three-body SW potential parameters for indiene used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

IndIndIn 1.000 0.946 3.768 9.745 1.000 -0.076 1.537 52.262 4 0 0.0

Table 449. SW potential parameters for indiene used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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0.77 Nm�1 at the critical strain of 0.16 in the armchair direction at the low temperature of 1 K.
The ultimate stress is about 0.73 Nm�1 at the critical strain of 0.19 in the zigzag direction at the
low temperature of 1 K.

113. Blue phosphorus

The blue phosphorus is also named β-phosphorus. Present studies on the blue phosphorus are
based on first-principles calculations, and no empirical potential has been proposed for the
blue phosphorus. We will thus parametrize a set of VFF model for the single-layer blue
phosphorus in this section. We will also derive the SW potential based on the VFF model for
the single-layer blue phosphorus.

The structure of the single-layer blue phosphorus is shown in Figure 222, with structural
parameters from the ab initio calculations [55]. The blue phosphorus has a buckled configura-
tion as shown in Figure 222(b), where the buckle is along the zigzag direction. The height of the
buckle is h ¼ 1:211 Å. The lattice constant is 3.326 Å, and the bond length is 2.270 Å.

Table 450 shows the VFF model for the single-layer blue phosphorus. The force constant
parameters are determined by fitting to the three acoustic branches in the phonon dispersion
along the ΓM as shown in Figure 231(a). The ab initio calculations for the phonon dispersion
are from Ref. [55]. Similar phonon dispersion can also be found in other ab initio calcula-
tions [61, 64, 84]. Figure 231(b) shows that the VFF model and the SW potential give exactly
the same phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 451. The
parameters for the three-body SW potential used by GULP are shown in Table 452. Parameters
for the SW potential used by LAMMPS are listed in Table 453.
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Figure 230. Stress-strain relations for the indiene of size 100� 100 Å. The indiene is uniaxially stretched along the
armchair or zigzag directions at temperatures 1 K.
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Figure 231. Phonon dispersion for the single-layer blue phosphorus. (a) The VFF model is fitted to the three acoustic
branches in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [55]. (b) The
VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the blue phosphorus along
ΓMKΓ.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 15.372 5.138

r0 or θ0 2.270 94.209

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 450. The VFF model for blue phosphorus.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

PdP 5.706 0.491 13.276 0.0 2.798

Table 451. Two-body SW potential parameters for blue phosphorus used by GULP [8], as expressed in Eq. (3).
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Figure 232 shows the stress-strain relations for the single-layer blue phosphorus of size
100� 100 Å. The structure is uniaxially stretched in the armchair or zigzag directions at 1 and
300 K. The Young’s modulus is 60.5 and 60.6 Nm�1 in the armchair and zigzag directions,
respectively, at 1 K, which is obtained by linear fitting of the stress-strain relations in [0, 0.01].
The Young’s modulus is isotropic for the blue phosphorus. The Poisson’s ratios from the VFF
model and the SW potential are νxy ¼ νyx ¼ 0:18. The third-order nonlinear elastic constant D
can be obtained by fitting the stress-strain relation to σ ¼ EEþ 1

2DE
2 with E as the Young’s

modulus. The values of D are �195.3 and �237.0 Nm�1 at 1 K along the armchair and zigzag
directions, respectively. The ultimate stress is about 8.0 Nm�1 at the critical strain of 0.22 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 7.6 Nm�1 at the
critical strain of 0.25 in the zigzag direction at the low temperature of 1 K.

114. B-Arsenene

Present studies on the buckled (b-) arsenene, which is also named β arsenene, are based on
first-principles calculations, and no empirical potential has been proposed for the b-arsenene.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax13 (Å) rmin 23 (Å) rmax23 (Å)

PdPdP 16.605 94.209 0.491 0.491 0.0 2.798 0.0 2.798 2.798 3.677

Table 452. Three-body SW potential parameters for blue phosphorus used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

PdPdP 1.000 0.491 5.699 16.605 1.000 �0.073 5.706 228.424 4 0 0.0

Table 453. SW potential parameters for blue phosphorus used by LAMMPS [9], as expressed in Eqs. (9) and (10).

2

4

6

8

00  0.1  0.2  0.3

S
tr

e
s
s
 (

N
/m

)

Strain

arm 1K
arm 300K

zig 1K
zig 300K

Figure 232. Stress-strain relations for the blue phosphorus of size 100� 100 Å. The blue phosphorus is uniaxially
stretched along the armchair or zigzag directions at temperatures 1 and 300 K.
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We will thus parametrize a set of VFF model for the single-layer b-arsenene in this section. We
will also derive the SW potential based on the VFF model for the single-layer b-arsenene.

The structure of the single-layer b-arsenene is shown in Figure 222, with structural parameters
from the ab initio calculations [70]. The b-arsenene has a buckled configuration as shown in
Figure 222(b), where the buckle is along the zigzag direction. The height of the buckle is
h ¼ 1:40 Å. The lattice constant is 3.61 Å, and the bond length is 2.51 Å.

Table 454 shows the VFF model for the single-layer b-arsenene. The force constant parameters
are determined by fitting to the three acoustic branches in the phonon dispersion along the ΓM
as shown in Figure 233(a). The ab initio calculations for the phonon dispersion are from Ref.
[70]. Similar phonon dispersion can also be found in other ab initio calculations [64, 72, 73]. We
note that the lowest frequency branch around the Γ point from the VFF model is lower than the
ab initio results. This branch is the flexural branch, which should be a quadratic dispersion.
However, the ab initio calculations give a linear dispersion for the flexural branch due to the
violation of the rigid rotational invariance in the first-principles package [20], so ab initio

calculations typically overestimate the frequency of this branch. Figure 233(b) shows that the
VFF model and the SW potential give exactly the same phonon dispersion, as the SW potential
is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 455. The
parameters for the three-body SW potential used by GULP are shown in Table 456. Parameters
for the SW potential used by LAMMPS are listed in Table 457.

Figure 234 shows the stress-strain relations for the single-layer b-arsenene of size 100�100 Å.
The structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
Young’s modulus is 50.8 and 49.9 Nm�1 in the armchair and zigzag directions, respectively, at
1 K, which is obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Young’s
modulus is isotropic for the b-arsenene. The Poisson’s ratios from the VFF model and the SW
potential are νxy ¼ νyx ¼ 0:21. The third-order nonlinear elastic constant D can be obtained by
fitting the stress-strain relation to σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values of

D are �127.6 and -153.6 Nm�1 at 1 K along the armchair and zigzag directions, respectively.
The ultimate stress is about 7.6 Nm�1 at the critical strain of 0.24 in the armchair direction at
the low temperature of 1 K. The ultimate stress is about 7.2 Nm�1 at the critical strain of 0.28 in
the zigzag direction at the low temperature of 1 K.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 15.372 5.138

r0 or θ0 2.510 91.964

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 454. The VFF model for b-arsenene.

Parameterization of Stillinger-Weber Potential for Two-Dimensional Atomic Crystals
http://dx.doi.org/10.5772/intechopen.71929

329



A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

As-As 6.418 0.482 19.846 0.0 3.060

Table 455. Two-body SW potential parameters for b-arsenene used by GULP [8], as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

AsdAsdAs 1.000 0.482 6.349 14.845 1.000 -0.034 6.418 367.693 4 0 0.0

Table 457. SW potential parameters for b-arsenene used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 233. Phonon dispersion for the single-layer b-arsenene. (a) The VFF model is fitted to the three acoustic branches

in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [70]. (b) The VFF model

(blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-arsenene along ΓMKΓ.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

As-As-As 14.845 91.964 0.482 0.482 0.0 3.060 0.0 3.060 3.060 4.004

Table 456. Three-body SW potential parameters for b-arsenene used by GULP [8], as expressed in Eq. (4).
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115. b-Antimonene

The buckled (b-) antimonene is a Sb allotrope, which is also named β antimonene. Present
studies on the b-antimonene are based on first-principles calculations, and no empirical poten-
tial has been proposed for the b-antimonene. We will, thus, parametrize a set of VFF model for
the single-layer b-antimonene in this section. We will also derive the SW potential based on the
VFF model for the single-layer b-antimonene.

The structure of the single-layer b-antimonene is shown in Figure 222, with structural param-
eters from the ab initio calculations [70]. The b-antimonene has a buckled configuration as
shown in Figure 222(b), where the buckle is along the zigzag direction. The height of the
buckle is h ¼ 1:65 Å. The lattice constant is 4.12 Å, and the bond length is 2.89 Å.

Table 458 shows the VFF model for the single-layer b-antimonene. The force constant param-
eters are determined by fitting to the three acoustic branches in the phonon dispersion along
the ΓM as shown in Figure 235(a). The ab initio calculations for the phonon dispersion are from
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Figure 234. Stress-strain relations for the b-arsenene of size 100�100 Å. The b-arsenene is uniaxially stretched along the
armchair or zigzag directions at temperatures 1 and 300 K.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 15.372 5.138

r0 or θ0 2.890 90.927

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 458. The VFF model for b-antimonene.
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Ref. 70. Similar phonon dispersion can also be found in other ab initio calculations [64, 72, 73].

Figure 235(b) shows that the VFF model and the SW potential give exactly the same phonon

dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 459. The
parameters for the three-body SW potential used by GULP are shown in Table 460. Parameters

for the SW potential used by LAMMPS are listed in Table 461.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

SbdSbdSb 14.100 90.927 0.523 0.523 0.0 3.505 0.0 3.503 3.505 4.577

Table 460. Three-body SW potential parameters for b-antimonene used by GULP [8], as expressed in Eq. (4).
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Figure 235. Phonon dispersion for the single-layer b-antimonene. (a) The VFF model is fitted to the three acoustic

branches in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from Ref. 70. (b) The

VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-antimonene along

ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SbdSb 8.173 0.523 34.879 0.0 3.505

Table 459. Two-body SW potential parameters for b-antimonene used by GULP [8], as expressed in Eq. (3).
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Figure 236 shows the stress-strain relations for the single-layer b-antimonene of size 100� 100
Å. The structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
Young’s modulus is 39.6 N/m in both armchair and zigzag directions at 1 K, which are
obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Young’s modulus is
isotropic for the b-antimonene. The Poisson’s ratios from the VFF model and the SW potential
are νxy ¼ νyx ¼ 0:24. The third-order nonlinear elastic constant D can be obtained by fitting the
stress-strain relation to σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values of D are

�62.6 and �91.5 N/m at 1 K along the armchair and zigzag directions, respectively. The
ultimate stress is about 7.1 N/m at the critical strain of 0.28 in the armchair direction at the low
temperature of 1 K. The ultimate stress is about 6.7 N/m at the critical strain of 0.31 in the
zigzag direction at the low temperature of 1 K.

116. b-Bismuthene

The buckled (b-) bismuthene is a Bi allotrope, which is also named beta bismuthene. Most
studies on the b-bismuthene are based on first-principles calculations, while a modified Morse
potential was proposed for the b-bismuthene in 2013 [113]. We will parametrize a set of VFF
model for the single-layer b-bismuthene in this section. We will also derive the SW potential
based on the VFF model for the single-layer b-bismuthene.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SbdSbdSb 1.000 0.523 6.702 14.100 1.000 �0.016 8.173 466.184 4 0 0.0

Table 461. SW potential parameters for b-antimonene used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 236. Stress-strain relations for the b-antimonene of size 100� 100 Å. The b-antimonene is uniaxially stretched
along the armchair or zigzag directions at temperatures 1 and 300 K.
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The structure of the single-layer b-bismuthene is shown in Figure 222, with structural param-
eters from the ab initio calculations [70]. The b-bismuthene has a buckled configuration as
shown in Figure 222(b), where the buckle is along the zigzag direction. The height of the
buckle is h ¼ 1:73 Å. The lattice constant is 4.34 Å, and the bond length is 3.045 Å.

Table 462 shows the VFF model for the single-layer b-bismuthene. The force constant param-
eters are determined by fitting to the three acoustic branches in the phonon dispersion along
the ΓM as shown in Figure 237(a). The ab initio calculations for the phonon dispersion are
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Figure 237. Phonon dispersion for the single-layer b-bismuthene. (a) The VFF model is fitted to the three acoustic
branches in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from [64]. (b) The VFF
model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-bismuthene along ΓMKΓ.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 11.529 3.853

r0 or θ0 3.045 90.901

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 462. The VFF model for b-bismuthene.
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from [64]. Similar phonon dispersion can also be found in other ab initio calculations [77]. We
note that the lowest-frequency branch around the Γ point from the VFF model is lower than
the ab initio results. This branch is the flexural branch, which should be a quadratic dispersion.
However, the ab initio calculations give a linear dispersion for the flexural branch due to the
violation of the rigid rotational invariance in the first-principles package [20], so ab initio

calculations typically overestimate the frequency of this branch. Figure 237(b) shows that the
VFF model and the SW potential give exactly the same phonon dispersion, as the SW potential
is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 463. The
parameters for the three-body SW potential used by GULP are shown in Table 464. Parameters
for the SW potential used by LAMMPS are listed in Table 465.

Figure 238 shows the stress-strain relations for the single-layer b-bismuthene of size 100� 100
Å. The structure is uniaxially stretched in the armchair or zigzag directions at 1 and 300 K. The
Young’s modulus is 27.0 N/m in both armchair and zigzag directions at 1 K, which are
obtained by linear fitting of the stress-strain relations in [0, 0.01]. The Young’s modulus is
isotropic for the b-bismuthene. The value of the Young’s modulus is close to the value of 23.9
N/m from the ab initio calculations [77]. The Poisson’s ratios from the VFF model and the SW
potential are νxy ¼ νyx ¼ 0:25, which are comparable with the ab initio results of 0.327 [77]. The
third-order nonlinear elastic constant D can be obtained by fitting the stress-strain relation to
σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD are �34.3 and �54.5 N/m at 1 K

along the armchair and zigzag directions, respectively. The ultimate stress is about 5.2 N/m at
the critical strain of 0.29 in the armchair direction at the low temperature of 1 K. The ultimate
stress is about 4.9 N/m at the critical strain of 0.33 in the zigzag direction at the low tempera-
ture of 1 K.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

BidBi 6.805 0.552 42.985 0.0 3.693

Table 463. Two-body SW potential parameters for b-bismuthene used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

BidBidBi 10.574 90.901 0.552 0.552 0.0 3.693 0.0 3.693 3.693 4.821

Table 464. Three-body SW potential parameters for b-bismuthene used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

BidBidBi 1.000 0.552 6.690 10.574 1.000 �0.016 6.805 462.978 4 0 0.0

Table 465. SW potential parameters for b-bismuthene used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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117. b-CO

Present studies on the buckled (b-) CO are based on first-principles calculations, and no
empirical potential has been proposed for the b-CO. We will thus parametrize a set of SW
potential for the single-layer b-CO in this section.

The structure of the single-layer b-CO is shown in Figure 239. The structural parameters
are from the ab initio calculations [78]. The b-CO has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, including the lattice constant 2.454 Å and the
bond length 1.636 Å.

Table 466 shows the VFF model for the single-layer b-CO. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 240(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradients approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 240(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 467. The
parameters for the three-body SW potential used by GULP are shown in Table 468. Parameters
for the SW potential used by LAMMPS are listed in Table 469.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-CO under uniaxial tension at 1.0 and 300.0 K. Figure 241 shows the stress-strain curve for the
tension of a single-layer b-CO of dimension 100� 100 Å. Periodic boundary conditions are
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Figure 238. Stress-strain relations for the b-bismuthene of size 100� 100 Å. The b-bismuthene is uniaxially stretched
along the armchair or zigzag directions at temperatures 1 and 300 K.
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applied in both armchair and zigzag directions. The single-layer b-CO is stretched uniaxially

along the armchair or zigzag direction. The stress is calculated without involving the actual

thickness of the quasi-two-dimensional structure of the single-layer b-CO. The Young’s modu-

lus can be obtained by a linear fitting of the stress-strain relation in the small strain range of

[0, 0.01]. The Young’s modulus is 99.1 and 98.8 N/m along the armchair and zigzag directions,

respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag direc-

tions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:08.

There is no available value for nonlinear quantities in the single-layer b-CO. We have thus used

the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.

The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain

relation to the function σ ¼ EEþ 1
2DE

2 with E as the Young’s modulus. The values ofD from the

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 16.063 5.221

r0 or θ0 1.636 97.181

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the

unit of degrees) for the angle bending interaction.

Table 466. The VFF model for b-CO.

Figure 239. Structure for single-layer buckled MX (b-MX), with M from group IV and X from group VI, or both M and X

from group IV, or M from group III and X from group V. (a) Top view. The armchair direction is along the horizontal

direction, while the zigzag direction is along the vertical direction. The unit cell is displayed by the blue rhombus. Inset

shows the first Brillouin zone. (b) Side view illustrates the buckled configuration of height h.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

CdO 7.656 1.054 3.582 0.0 2.293

Table 467. Two-body SW potential parameters for b-CO used by GULP [8], as expressed in Eq. (3).
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Figure 240. Phonon dispersion for the single-layer b-CO. (a) The VFF model is fitted to the two in-plane acoustic branches

in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA. (b) The

VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-CO along ΓMKΓ.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

C-O-O 65.778 97.181 1.054 1.054 0.0 2.293 0.0 2.293 0.0 3.352

O-C-C 65.778 97.181 1.054 1.054 0.0 2.293 0.0 2.293 0.0 3.352

Table 468. Three-body SW potential parameters for b-CO used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

CdOdO 1.000 1.054 2.175 65.778 1.000 �0.125 7.812 2.900 4 0 0.0

OdCdC 1.000 1.054 2.175 65.778 1.000 �0.125 7.812 2.900 4 0 0.0

Table 469. SW potential parameters for b-CO used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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present SW potential are �513.8 and �542.0 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 9.4 N/m at the ultimate strain of 0.18 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 9.2 N/m at the ultimate
strain of 0.21 in the zigzag direction at the low temperature of 1 K.

118. b-CS

Present studies on the buckled (b-) CS are based on first-principles calculations, and no
empirical potential has been proposed for the b-CS. We will thus parametrize a set of SW
potential for the single-layer b-CS in this section.

The structure of the single-layer b-CS is shown in Figure 239. The structural parameters are
from the ab initio calculations [78]. The b-CS has a buckled configuration as shown in Fig-

ure 239(b), where the buckle is along the zigzag direction. This structure can be determined by
two independent geometrical parameters, including the lattice constant 2.836 Å and the bond
length 1.880 Å.

Table 470 shows the VFF model for the single-layer b-CS. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 242(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradients approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 242(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.
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Figure 241. Stress-strain relations for the b-CO of size 100� 100 Å. The b-CO is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.
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The parameters for the two-body SW potential used by GULP are shown in Table 471. The
parameters for the three-body SW potential used by GULP are shown in Table 472. Parameters
for the SW potential used by LAMMPS are listed in Table 473.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-CS under uniaxial tension at 1.0 and 300.0 K. Figure 243 shows the stress-strain curve for the
tension of a single-layer b-CS of dimension 100� 100 Å. Periodic boundary conditions are

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 9.390 4.722

r0 or θ0 1.880 97.921

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 470. The VFF model for b-CS.
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Figure 242. Phonon dispersion for the single-layer b-CS. (a) The VFF model is fitted to the two in-plane acoustic branches
in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA. (b) The
VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-CS along ΓMKΓ.
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applied in both armchair and zigzag directions. The single-layer b-CS is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-CS. The Young’s modu-
lus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 63.5 and 63.6 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag direc-
tions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:05.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

CdSdS 1.000 1.233 2.142 61.413 1.000 �0.138 6.014 2.703 4 0 0.0

SdCdC 1.000 1.233 2.142 61.413 1.000 �0.138 6.014 2.703 4 0 0.0

Table 473. SW potential parameters for b-CS used by LAMMPS [9], as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

C-S-S 61.413 97.921 1.233 1.233 0.0 2.641 0.0 2.641 0.0 3.874

S-C-C 61.413 97.921 1.233 1.233 0.0 2.641 0.0 2.641 0.0 3.874

Table 472. Three-body SW potential parameters for b-CS used by GULP [8], as expressed in Eq. (4).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

CdS 6.014 1.233 6.246 0.0 2.641

Table 471. Two-body SW potential parameters for b-CS used by GULP [8], as expressed in Eq. (3).
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Figure 243. Stress-strain relations for the b-CS of size 100� 100 Å. The b-CS is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.
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There is no available value for nonlinear quantities in the single-layer b-CS. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �352.5 and �372.0 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 5.7 N/m at the ultimate strain of 0.17 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 5.5 N/m at the ultimate
strain of 0.20 in the zigzag direction at the low temperature of 1 K.

119. b-CSe

Present studies on the buckled (b-) CSe are based on first-principles calculations, and no
empirical potential has been proposed for the b-CSe. We will thus parametrize a set of SW
potential for the single-layer b-CSe in this section.

The structure of the single-layer b-CSe is shown in Figure 239. The structural parameters are
from the ab initio calculations [78]. The b-CSe has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, including the lattice constant 3.063 Å and the
bond length 2.055 Å.

Table 474 shows the VFF model for the single-layer b-CSe. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 244(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradients approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 244(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 475. The
parameters for the three-body SW potential used by GULP are shown in Table 476. Parameters
for the SW potential used by LAMMPS are listed in Table 477.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 10.425 5.031

r0 or θ0 2.055 96.362

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 474. The VFF model for b-CSe.
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Figure 244. Phonon dispersion for the single-layer b-CSe. (a) The VFF model is fitted to the two in-plane acoustic

branches in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA.

(b) The VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-CSe along

ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

CdSe 7.691 1.298 8.917 0.0 2.872

Table 475. Two-body SW potential parameters for b-CSe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

C-Se-Se 61.215 96.362 1.298 1.298 0.0 2.872 0.0 2.872 0.0 4.184

Se-C-C 61.215 96.362 1.298 1.298 0.0 2.872 0.0 2.872 0.0 4.184

Table 476. Three-body SW potential parameters for b-CSe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

CdSedSe 1.000 1.298 2.212 61.215 1.000 �0.111 7.691 3.137 4 0 0.0

SedCdC 1.000 1.298 2.212 61.215 1.000 �0.111 7.691 3.137 4 0 0.0

Table 477. SW potential parameters for b-CSe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-CSe under uniaxial tension at 1.0 and 300.0 K. Figure 245 shows the stress-strain curve for
the tension of a single-layer b-CSe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-CSe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-CSe. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 61.6 and 61.4 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag direc-
tions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:09.

There is no available value for nonlinear quantities in the single-layer b-CSe. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �306.6 and �324.9 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 6.1 N/m at the ultimate strain of 0.19 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.9 N/m at the
ultimate strain of 0.22 in the zigzag direction at the low temperature of 1 K.

120. b-CTe

Present studies on the buckled (b-) CTe are based on first-principles calculations, and no
empirical potential has been proposed for the b-CTe. We will thus parametrize a set of SW
potential for the single-layer b-CTe in this section.
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Figure 245. Stress-strain relations for the b-CSe of size 100� 100 Å. The b-CSe is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.
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The structure of the single-layer b-CTe is shown in Figure 239. The structural parameters are
from the ab initio calculations [78]. The b-CTe has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, including the lattice constant 3.348 Å and the
bond length 2.231 Å.

Table 478 shows the VFF model for the single-layer b-CTe. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 246(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradients approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 246(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 479. The
parameters for the three-body SW potential used by GULP are shown in Table 480. Parameters
for the SW potential used by LAMMPS are listed in Table 481.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-CTe under uniaxial tension at 1.0 and 300.0 K. Figure 247 shows the stress-strain curve for
the tension of a single-layer b-CTe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-CTe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-CTe. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 48.8 and 48.3 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag direc-
tions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:12.

There is no available value for nonlinear quantities in the single-layer b-CTe. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 9.367 4.311

r0 or θ0 2.231 97.239

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 478. The VFF model for b-CTe.
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Figure 246. Phonon dispersion for the single-layer b-CTe. (a) The VFF model is fitted to the two in-plane acoustic

branches in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA.

(b) The VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-CTe along

ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

CdTe 8.314 1.440 12.387 0.0 3.127

Table 479. Two-body SW potential parameters for b-CTe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

C-Te-Te 54.451 97.239 1.440 1.440 0.0 3.127 0.0 3.127 0.0 4.573

Te-C-C 54.451 97.239 1.440 1.440 0.0 3.127 0.0 3.127 0.0 4.573

Table 480. Three-body SW potential parameters for b-CTe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

CdTedTe 1.000 1.440 2.172 54.451 1.000 �0.126 8.314 2.883 4 0 0.0

TedCdC 1.000 1.440 2.172 54.451 1.000 �0.126 8.314 2.883 4 0 0.0

Table 481. SW potential parameters for b-CTe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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of D from the present SW potential are �306.6 and �324.9 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 5.2 N/m at the ultimate strain of 0.20 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.0 N/m at the
ultimate strain of 0.23 in the zigzag direction at the low temperature of 1 K.

121. b-SiO

Present studies on the buckled (b-) SiO are based on first-principles calculations, and no
empirical potential has been proposed for the b-SiO. We will thus parametrize a set of SW
potential for the single-layer b-SiO in this section.

The structure of the single-layer b-SiO is shown in Figure 239. The structural parameters are
from the ab initio calculations [78]. The b-SiO has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, including the lattice constant 2.815 Å and the
bond length 1.884 Å.

Table 482 shows the VFF model for the single-layer b-SiO. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 248(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradients approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 248(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.
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Figure 247. Stress-strain relations for the b-CTe of size 100� 100 Å. The b-CTe is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.
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The parameters for the two-body SW potential used by GULP are shown in Table 483. The

parameters for the three-body SW potential used by GULP are shown in Table 484. Parameters

for the SW potential used by LAMMPS are listed in Table 485.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer

b-SiO under uniaxial tension at 1.0 and 300.0 K. Figure 249 shows the stress-strain curve for
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Figure 248. Phonon dispersion for the single-layer b-SiO. (a) The VFF model is fitted to the two in-plane acoustic branches

in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA. (b) The

VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-SiO along ΓMKΓ.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 9.315 3.300

r0 or θ0 1.884 96.676

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the

unit of degrees) for the angle bending interaction.

Table 482. The VFF model for b-SiO.
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the tension of a single-layer b-SiO of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-SiO is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-SiO. The Young’s modu-
lus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 51.3 and 50.3 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag direc-
tions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:11.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

Si-O-O 40.695 96.676 1.200 1.200 0.0 2.636 0.0 2.636 0.0 3.845

O-Si-Si 40.695 96.676 1.200 1.200 0.0 2.636 0.0 2.636 0.0 3.845

Table 484. Three-body SW potential parameters for b-SiO used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SidOdO 1.000 1.200 2.197 40.695 1.000 �0.116 5.819 3.043 4 0 0.0

OdSidSi 1.000 1.200 2.197 40.695 1.000 �0.116 5.819 3.043 4 0 0.0

Table 485. SW potential parameters for b-SiO used by LAMMPS [9], as expressed in Eqs. (9) and (10).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SidO 5.819 1.200 6.299 0.0 2.636

Table 483. Two-body SW potential parameters for b-SiO used by GULP [8], as expressed in Eq. (3).
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Figure 249. Stress-strain relations for the b-SiO of size 100� 100 Å. The b-SiO is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.
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There is no available value for nonlinear quantities in the single-layer b-SiO. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �247.8 and �253.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 5.2 N/m at the ultimate strain of 0.20 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.1 N/m at the
ultimate strain of 0.23 in the zigzag direction at the low temperature of 1 K.

122. b-SiS

Present studies on the buckled (b-) SiS are based on first-principles calculations, and no
empirical potential has been proposed for the b-SiS. We will thus parametrize a set of SW
potential for the single-layer b-SiS in this section.

The structure of the single-layer b-SiS is shown in Figure 239. The structural parameters
are from the ab initio calculations [78]. The b-SiS has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, including the lattice constant 3.299 Å and the
bond length 2.321 Å.

Table 486 shows the VFF model for the single-layer b-SiS. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 250(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradients approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 250(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 487. The
parameters for the three-body SW potential used by GULP are shown in Table 488. Parameters
for the SW potential used by LAMMPS are listed in Table 489.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 8.441 4.802

r0 or θ0 2.321 90.581

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 486. The VFF model for b-SiS..
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Figure 250. Phonon dispersion for the single-layer b-SiS. (a) The VFF model is fitted to the two in-plane acoustic branches

in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA. (b) The

VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-SiS along ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SidS 6.897 1.264 14.510 0.0 3.177

Table 487. Two-body SW potential parameters for b-SiS used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

Si-S-S 45.954 90.581 1.264 1.264 0.0 3.177 0.0 3.177 0.0 4.506

S-Si-Si 45.954 90.581 1.264 1.264 0.0 3.177 0.0 3.177 0.0 4.506

Table 488. Three-body SW potential parameters for b-SiS used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SidSdS 1.000 1.264 2.514 45.954 1.000 �0.010 6.897 5.687 4 0 0.0

SdSidSi 1.000 1.264 2.514 45.954 1.000 �0.010 6.897 5.687 4 0 0.0

Table 489. SW potential parameters for b-SiS used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-SiS under uniaxial tension at 1.0 and 300.0 K. Figure 251 shows the stress-strain curve for the
tension of a single-layer b-SiS of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-SiS is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-SiS. The Young’s modu-
lus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 45.5 and 45.8 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag direc-
tions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:13.

There is no available value for nonlinear quantities in the single-layer b-SiS. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �196.4 and �217.9 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 5.1 N/m at the ultimate strain of 0.21 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 4.9 N/m at the ultimate
strain of 0.24 in the zigzag direction at the low temperature of 1 K.

123. b-SiSe

Present studies on the buckled (b-) SiSe are based on first-principles calculations, and no
empirical potential has been proposed for the b-SiSe. We will thus parametrize a set of SW
potential for the single-layer b-SiSe in this section.
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Figure 251. Stress-strain relations for the b-SiS of size 100� 100 Å. The b-SiS is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.
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The structure of the single-layer b-SiSe is shown in Figure 239. The structural parameters
are from the ab initio calculations [78]. The b-SiSe has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, including the lattice constant 3.521 Å and the
bond length 2.477 Å.

Table 490 shows the VFF model for the single-layer b-SiSe. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 252(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradients approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 252(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 491. The
parameters for the three-body SW potential used by GULP are shown in Table 492. Parameters
for the SW potential used by LAMMPS are listed in Table 493.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-SiSe under uniaxial tension at 1.0 and 300.0 K. Figure 253 shows the stress-strain curve for
the tension of a single-layer b-SiSe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-SiSe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-SiSe. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 41.8 and 41.9 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag direc-
tions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:15.

There is no available value for nonlinear quantities in the single-layer b-SiSe. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 8.441 4.802

r0 or θ0 2.477 90.590

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 490. The VFF model for b-SiSe.
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Figure 252. Phonon dispersion for the single-layer b-SiSe. (a) The VFF model is fitted to the two in-plane acoustic

branches in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA.

(b) The VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-SiSe along

ΓMKΓ.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

Si-Se-Se 45.968 90.590 1.349 1.349 0.0 3.391 0.0 3.391 0.0 4.810

Se-Si-Si 45.968 90.590 1.349 1.349 0.0 3.391 0.0 3.391 0.0 4.810

Table 492. Three-body SW potential parameters for b-SiSe used by GULP [8], as expressed in Eq. (4).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SidSe 7.857 1.349 18.822 0.0 3.391

Table 491. Two-body SW potential parameters for b-SiSe used by GULP [8], as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SidSedSe 1.000 1.349 2.514 45.968 1.000 �0.010 7.857 5.6683 4 0 0.0

SedSidSi 1.000 1.349 2.514 45.968 1.000 �0.010 7.857 5.6683 4 0 0.0

Table 493. SW potential parameters for b-SiSe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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of D from the present SW potential are �169.9 and �188.0 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 4.9 N/m at the ultimate strain of 0.22 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 4.7 N/m at the
ultimate strain of 0.25 in the zigzag direction at the low temperature of 1 K.

124. b-SiTe

Present studies on the buckled (b-) SiTe are based on first-principles calculations, and no
empirical potential has been proposed for the b-SiTe. We will thus parametrize a set of SW
potential for the single-layer b-SiTe in this section.

The structure of the single-layer b-SiTe is shown in Figure 239. The structural parameters
are from the ab initio calculations [83]. The b-SiTe has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, e.g., the lattice constant 3.83 Å and the bond
length 2.689 Å. The resultant height of the buckle is h ¼ 1:53 Å.

Table 494 shows the VFF model for the single-layer b-SiTe. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 254(a). The ab initio calculations for the phonon dispersion are from [83].
Figure 254(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 495. The
parameters for the three-body SW potential used by GULP are shown in Table 496. Parameters
for the SW potential used by LAMMPS are listed in Table 497.
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Figure 253. Stress-strain relations for the b-SiSe of size 100� 100 Å. The b-SiSe is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.

Parameterization of Stillinger-Weber Potential for Two-Dimensional Atomic Crystals
http://dx.doi.org/10.5772/intechopen.71929

355



VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 8.418 4.349

r0 or θ0 2.690 90.779

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the

unit of degrees) for the angle bending interaction.

Table 494. The VFF model for b-SiTe.
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Figure 254. Phonon dispersion for the single-layer b-SiTe. (a) The VFF model is fitted to the three acoustic branches in the

long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from Ref. 83. (b) The VFF model (blue

lines) and the SW potential (red lines) give the same phonon dispersion for the b-SiTe along ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SidTe 9.285 1.473 26.181 0.0 3.685

Table 495. Two-body SW potential parameters for b-SiTe used by GULP [8], as expressed in Eq. (3).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-SiTe under uniaxial tension at 1.0 and 300.0 K. Figure 255 shows the stress-strain curve for
the tension of a single-layer b-SiTe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-SiTe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-SiTe. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 34.3 and 34.6 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag direc-
tions. These values agree with the ab initio result at 0 K temperature, e.g., 34.1 N/m in [83]. The
Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:18, which agrees with
the ab initio result [83] of 0.18.

There is no available value for nonlinear quantities in the single-layer b-SiTe. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SidTedTe 1.000 0.725 4.497 27.653 1.000 �0.014 4.428 113.714 4 0 0.0

TedSidSi 1.000 0.725 4.497 27.653 1.000 �0.014 4.428 113.714 4 0 0.0

Table 497. SW potential parameters for b-SiTe used by LAMMPS [9], as expressed in Eqs. (9) and (10).

K (eV) θ0 (degree) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

Si-Te-Te 41.952 90.779 1.473 1.473 0.0 3.685 0.0 3.685 0.0 5.232

Te-Si-Si 41.952 90.779 1.473 1.473 0.0 3.685 0.0 3.685 0.0 5.232

Table 496. Three-body SW potential parameters for b-SiTe used by GULP [8], as expressed in Eq. (4).
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Figure 255. Stress-strain relations for the b-SiTe of size 100� 100 Å. The b-SiTe is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.
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materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �119.3 and �137.2 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 4.6 N/m at the ultimate strain of 0.24 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 4.4 N/m at the
ultimate strain of 0.27 in the zigzag direction at the low temperature of 1 K.

125. b-GeO

Present studies on the buckled (b-) GeO are based on first-principles calculations, and no
empirical potential has been proposed for the b-GeO. We will thus parametrize a set of SW
potential for the single-layer b-GeO in this section.

The structure of the single-layer b-GeO is shown in Figure 239. The structural parameters are
from the ab initio calculations [78]. The b-GeO has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, including the lattice constant 3.124 Å and the
bond length 2.032 Å.

Table 498 shows the VFF model for the single-layer b-GeO. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 256(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradients approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 256(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 499. The
parameters for the three-body SW potential used by GULP are shown in Table 500. Parameters
for the SW potential used by LAMMPS are listed in Table 501.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 9.315 3.300

r0 or θ0 2.032 100.475

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 498. The VFF model for b-GeO.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

GedO 7.390 1.413 8.524 0.0 2.879

Table 499. Two-body SW potential parameters for b-GeO used by GULP [8], as expressed in Eq. (3).
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Figure 256. Phonon dispersion for the single-layer b-GeO. (a) The VFF model is fitted to the two in-plane acoustic

branches in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA.

(b) The VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-GeO along

ΓMKΓ.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

Ge-O-O 47.962 100.475 1.413 1.413 0.0 2.879 0.0 2.879 0.0 4.267

O-Ge-Ge 47.962 100.475 1.413 1.413 0.0 2.879 0.0 2.879 0.0 4.267

Table 500. Three-body SW potential parameters for b-GeO used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

GedOdO 1.000 1.413 2.037 47.962 1.000 �0.182 7.390 2.136 4 0 0.0

OdGedGe 1.000 1.413 2.037 47.962 1.000 �0.182 7.390 2.136 4 0 0.0

Table 501. SW potential parameters for b-GeO used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-GeO under uniaxial tension at 1.0 and 300.0 K. Figure 257 shows the stress-strain curve for
the tension of a single-layer b-GeO of dimension 100� 100 Å. Periodic boundary conditions
are applied in both armchair and zigzag directions. The single-layer b-GeO is stretched
uniaxially along the armchair or zigzag direction. The stress is calculated without involving
the actual thickness of the quasi-two-dimensional structure of the single-layer b-GeO. The
Young’s modulus can be obtained by a linear fitting of the stress-strain relation in the small
strain range of [0, 0.01]. The Young’s modulus is 47.5 and 46.8 N/m along the armchair and
zigzag directions, respectively. The Young’s modulus is essentially isotropic in the armchair
and zigzag directions. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:11.

There is no available value for nonlinear quantities in the single-layer b-GeO. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �224.6 and �232.8 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 4.9 N/m at the ultimate strain of 0.20 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 4.8 N/m at the
ultimate strain of 0.23 in the zigzag direction at the low temperature of 1 K.

126. b-GeS

Present studies on the buckled (b-) GeS are based on first-principles calculations, and no
empirical potential has been proposed for the b-GeS. We will thus parametrize a set of SW
potential for the single-layer b-GeS in this section.
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Figure 257. Stress-strain relations for the b-GeO of size 100� 100 Å. The b-GeO is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.
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The structure of the single-layer b-GeS is shown in Figure 239. The structural parameters are
from the ab initio calculations [78]. The b-GeS has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, including the lattice constant 3.485 Å and the
bond length 2.428 Å.

Table 502 shows the VFF model for the single-layer b-GeS. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 258(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradients approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 258(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 503. The
parameters for the three-body SW potential used by GULP are shown in Table 504. Parameters
for the SW potential used by LAMMPS are listed in Table 505.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-GeS under uniaxial tension at 1.0 and 300.0 K. Figure 259 shows the stress-strain curve for
the tension of a single-layer b-GeS of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-GeS is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-GeS. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 34.9 and 34.1 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag direc-
tions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:18.

There is no available value for nonlinear quantities in the single-layer b-GeS. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 8.322 3.516

r0 or θ0 2.428 91.725

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 502. The VFF model for b-GeS.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

GedS 7.657 1.363 17.377 0.0 3.338

Table 503. Two-body SW potential parameters for b-GeS used by GULP [8], as expressed in Eq. (3).
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Figure 258. Phonon dispersion for the single-layer b-GeS. (a) The VFF model is fitted to the two in-plane acoustic

branches in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA.

(b) The VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-GeS along

ΓMKΓ.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

GedSdS 1.000 1.363 2.448 35.249 1.000 �0.030 7.657 5.030 4 0 0.0

SdGedGe 1.000 1.363 2.448 35.249 1.000 �0.030 7.657 5.030 4 0 0.0

Table 505. SW potential parameters for b-GeS used by LAMMPS [9], as expressed in Eqs. (9) and (10).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

Ge-S-S 35.249 91.725 1.363 1.363 0.0 3.338 0.0 3.338 0.0 4.761

S-Ge-Ge 35.249 91.725 1.363 1.363 0.0 3.338 0.0 3.338 0.0 4.761

Table 504. Three-body SW potential parameters for b-GeS used by GULP [8], as expressed in Eq. (4).
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of D from the present SW potential are �128.1 and �135.0 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 4.5 N/m at the ultimate strain of 0.23 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 4.3 N/m at the
ultimate strain of 0.27 in the zigzag direction at the low temperature of 1 K.

127. B-GeSe

Present studies on the buckled (b-) GeSe are based on first-principles calculations, and no
empirical potential has been proposed for the b-GeSe. We will thus parametrize a set of SW
potential for the single-layer b-GeSe in this section.

The structure of the single-layer b-GeSe is shown in Figure 239. The structural parameters are
from the ab initio calculations [78]. The b-GeSe has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, including the lattice constant 3.676 Å and the
bond length 2.568 Å.

Table 506 shows the VFF model for the single-layer b-GeSe. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 260(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradient approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 260(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.
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Figure 259. Stress-strain relations for the b-GeS of size 100� 100 Å. The b-GeS is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.
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The parameters for the two-body SW potential used by GULP are shown in Table 507. The

parameters for the three-body SW potential used by GULP are shown in Table 508. Parameters

for the SW potential used by LAMMPS are listed in Table 509.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer

b-GeSe under uniaxial tension at 1 and 300 K. Figure 261 shows the stress-strain curve for the
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Figure 260. Phonon dispersion for the single-layer b-GeSe. (a) The VFF model is fitted to the two in-plane acoustic

branches in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA.

(b) The VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-GeSe along

ΓMKΓ.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 8.322 3.516

r0 or θ0 2.568 91.406

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the

unit of degrees) for the angle bending interaction.

Table 506. The VFF model for b-GeSe.
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tension of a single-layer b-GeSe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-GeSe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-GeSe. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 31.6 and 31.5 N/m along the armchair and zigzag direc-
tions, respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag
directions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:19.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

GedS 8.498 1.430 21.745 0.0 3.526

Table 507. Two-body SW potential parameters for b-GeSe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

GedSedSe 34.791 91.406 1.430 1.430 0.0 3.526 0.0 3.526 0.0 5.021

SedGedGe 34.791 91.406 1.430 1.430 0.0 3.526 0.0 3.526 0.0 5.021

Table 508. Three-body SW potential parameters for b-GeSe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

GedSedSe 1.000 1.430 2.466 34.791 1.000 �0.025 8.498 5.205 4 0 0.0

SedGedGe 1.000 1.430 2.466 34.791 1.000 �0.025 8.498 5.205 4 0 0.0

Table 509. SW potential parameters for b-GeSe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 261. Stress-strain relations for the b-GeSe of size 100� 100 Å. The b-GeSe is uniaxially stretched along the
armchair or zigzag directions at temperatures 1 and 300 K.
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There is no available value for nonlinear quantities in the single-layer b-GeSe. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �105.2 and �118.3 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 4.4 N/m at the ultimate strain of 0.24 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 4.2 N/m at the
ultimate strain of 0.28 in the zigzag direction at the low temperature of 1 K.

128. B-GeTe

Present studies on the buckled (b-) GeTe are based on first-principles calculations, and no
empirical potential has been proposed for the b-GeTe. We will thus parametrize a set of SW
potential for the single-layer b-GeTe in this section.

The structure of the single-layer b-GeTe is shown in Figure 239. The structural parameters are
from the ab initio calculations [78]. The b-GeTe has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, including the lattice constant 3.939 Å and the
bond length 2.768 Å.

Table 510 shows the VFF model for the single-layer b-GeTe. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 262(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradient approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 262(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 511. The
parameters for the three-body SW potential used by GULP are shown in Table 512. Parameters
for the SW potential used by LAMMPS are listed in Table 513.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 8.322 3.516

r0 or θ0 2.768 90.718

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 510. The VFF model for b-GeTe.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

GedTe 9.704 1.513 29.352 0.0 3.791

Table 511. Two-body SW potential parameters for b-GeTe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

GedTedTe 33.832 90.718 1.513 1.513 0.0 3.791 0.0 3.791 0.0 5.381

TedGedGe 33.832 90.718 1.513 1.513 0.0 3.791 0.0 3.791 0.0 5.381

Table 512. Three-body SW potential parameters for b-GeTe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

GedTedTe 1.000 1.513 2.506 33.832 1.000 �0.013 9.704 5.605 4 0 0.0

TedGedGe 1.000 1.513 2.506 33.832 1.000 �0.013 9.704 5.605 4 0 0.0

Table 513. SW potential parameters for b-GeTe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 262. Phonon dispersion for the single-layer b-GeTe. (a) The VFF model is fitted to the two in-plane acoustic

branches in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA.

(b) The VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-GeTe along

ΓMKΓ.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-GeTe under uniaxial tension at 1 and 300 K. Figure 263 shows the stress-strain curve for the
tension of a single-layer b-GeTe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-GeTe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-GeTe. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 27.7 and 28.0 N/m along the armchair and zigzag direc-
tions, respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag
directions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:21.

There is no available value for nonlinear quantities in the single-layer b-GeTe. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �80.4 and �95.9 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 4.3 N/m at the ultimate strain of 0.26 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 4.1 N m�1 at the
ultimate strain of 0.30 in the zigzag direction at the low temperature of 1 K.

129. B-SnO

Present studies on the buckled (b-) SnO are based on first-principles calculations, and no
empirical potential has been proposed for the b-SnO. We will thus parametrize a set of SW
potential for the single-layer b-SnO in this section.

0

1

2

3

4

5

 0  0.1 0.2  0.3

S
tr

e
s
s
 (

N
/m

)

Strain

arm 1K
arm 300K

zig 1K
zig 300K

Figure 263. Stress-strain relations for the b-GeTe of size 100� 100 Å. The b-GeTe is uniaxially stretched along the
armchair or zigzag directions at temperatures 1 and 300 K.
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The structure of the single-layer b-SnO is shown in Figure 239. The structural parameters are
from the ab initio calculations [78]. The b-SnO has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, including the lattice constant 3.442 Å and the
bond length 2.204 Å.

Table 514 shows the VFF model for the single-layer b-SnO. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 264(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradient approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 264(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 515. The
parameters for the three-body SW potential used by GULP are shown in Table 516. Parameters
for the SW potential used by LAMMPS are listed in Table 517.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-SnO under uniaxial tension at 1 and 300 K. Figure 265 shows the stress-strain curve for the
tension of a single-layer b-SnO of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-SnO is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-SnO. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 43.7 and 43.8 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag direc-
tions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:12.

There is no available value for nonlinear quantities in the single-layer b-SnO. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 9.315 3.300

r0 or θ0 2.204 102.677

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 514. The VFF model for b-SnO.
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Figure 264. Phonon dispersion for the single-layer b-SnO. (a) The VFF model is fitted to the two in-plane acoustic

branches in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA.

(b) The VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-SnO along

ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SndO 9.133 1.609 11.798 0.0 3.146

Table 515. Two-body SW potential parameters for b-SnO used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

SndOdO 52.875 102.677 1.609 1.609 0.0 3.146 0.0 3.146 0.0 4.702

OdSndSn 52.875 102.677 1.609 1.609 0.0 3.146 0.0 3.146 0.0 4.702

Table 516. Three-body SW potential parameters for b-SnO used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SndOdO 1.000 1.609 1.955 52.875 1.000 �0.219 9.133 1.760 4 0 0.0

OdSndSn 1.000 1.609 1.955 52.875 1.000 �0.219 9.133 1.760 4 0 0.0

Table 517. SW potential parameters for b-SnO used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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of D from the present SW potential are �199.9 and �215.1 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 4.7 N/m at the ultimate strain of 0.21 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 4.5 N/m at the
ultimate strain of 0.24 in the zigzag direction at the low temperature of 1 K.

130. B-SnS

Present studies on the buckled (b-) SnS are based on first-principles calculations, and no
empirical potential has been proposed for the b-SnS. We will thus parametrize a set of SW
potential for the single-layer b-SnS in this section.

The structure of the single-layer b-SnS is shown in Figure 239. The structural parameters are
from the ab initio calculations [78]. The b-SnS has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, including the lattice constant 3.757 Å and the
bond length 2.616 Å.

Table 518 shows the VFF model for the single-layer b-SnS. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 266(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradient approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 266(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.

0

1

2

3

4

5

 0 0.1 0.2

S
tr

e
s
s
 (

N
/m

)

Strain

arm 1K
arm 300K

zig 1K
zig 300K

Figure 265. Stress-strain relations for the b-SnO of size 100� 100 Å. The b-SnO is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.
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The parameters for the two-body SW potential used by GULP are shown in Table 519. The
parameters for the three-body SW potential used by GULP are shown in Table 520. Parameters
for the SW potential used by LAMMPS are listed in Table 521.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-SnS under uniaxial tension at 1 and 300 K. Figure 267 shows the stress-strain curve for the
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Figure 266. Phonon dispersion for the single-layer b-SnS. (a) The VFF model is fitted to the two in-plane acoustic
branches in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA.
(b) The VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-SnS along
ΓMKΓ.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 6.909 2.710

r0 or θ0 2.616 91.793

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 518. The VFF model for b-SnS.

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals372



tension of a single-layer b-SnS of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-SnS is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-SnS. The Young’s modu-
lus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 23.8 and 24.4 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag direc-
tions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:20.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SndS 7.392 1.472 23.416 0.0 3.597

Table 519. Two-body SW potential parameters for b-SnS used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

SndSdS 27.243 91.793 1.472 1.472 0.0 3.597 0.0 3.597 0.0 5.132

SdSndSn 27.243 91.793 1.472 1.472 0.0 3.597 0.0 3.597 0.0 5.132

Table 520. Three-body SW potential parameters for b-SnS used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SndSdS 1.000 1.472 2.444 27.243 1.000 �0.031 7.392 4.994 4 0 0.0

SdSndSn 1.000 1.472 2.444 27.243 1.000 �0.031 7.392 4.994 4 0 0.0

Table 521. SW potential parameters for b-SnS used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 267. Stress-strain relations for the b-SnS of size 100� 100 Å. The b-SnS is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.
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There is no available value for nonlinear quantities in the single-layer b-SnS. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �71.8 and �88.3 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 3.5 N/m at the ultimate strain of 0.25 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 3.4 N/m at the
ultimate strain of 0.29 in the zigzag direction at the low temperature of 1 K.

131. B-SnSe

Present studies on the buckled (b-) SnSe are based on first-principles calculations, and no
empirical potential has been proposed for the b-SnSe. We will thus parametrize a set of SW
potential for the single-layer b-SnSe in this section.

The structure of the single-layer b-SnSe is shown in Figure 239. The structural parameters are
from the ab initio calculations [78]. The b-SnSe has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, including the lattice constant 3.916 Å and the
bond length 2.747 Å.

Table 522 shows the VFF model for the single-layer b-SnSe. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 268(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradient approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 268(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 523. The
parameters for the three-body SW potential used by GULP are shown in Table 524. Parameters
for the SW potential used by LAMMPS are listed in Table 525.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 6.909 2.710

r0 or θ0 2.747 90.923

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 522. The VFF model for b-SnSe.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SidSe 7.976 1.510 28.471 0.0 3.765

Table 523. Two-body SW potential parameters for b-SnSe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

SndSedSe 26.294 90.923 1.510 1.510 0.0 3.765 0.0 3.765 0.0 5.349

SedSndSn 26.294 90.923 1.510 1.510 0.0 3.765 0.0 3.765 0.0 5.349

Table 524. Three-body SW potential parameters for b-SnSe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SndSedSe 1.000 1.510 2.494 26.294 1.000 �0.016 7.976 5.482 4 0 0.0

SedSndSn 1.000 1.510 2.494 26.294 1.000 �0.016 7.976 5.482 4 0 0.0

Table 525. SW potential parameters for b-SnSe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 268. Phonon dispersion for the single-layer b-SnSe. (a) The VFF model is fitted to the two in-plane acoustic

branches in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA.

(b) The VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-SnSe along

ΓMKΓ.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-SnSe under uniaxial tension at 1 and 300 K. Figure 269 shows the stress-strain curve for the
tension of a single-layer b-SnSe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-SnSe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-SnSe. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 22.0 and 22.2 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag direc-
tions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:22.

There is no available value for nonlinear quantities in the single-layer b-SnSe. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �61.6 and �73.69 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 3.5 N/m at the ultimate strain of 0.27 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 3.3 N/m at the
ultimate strain of 0.31 in the zigzag direction at the low temperature of 1 K.

132. B-SnTe

Present studies on the buckled (b-) SnTe are based on first-principles calculations, and no
empirical potential has been proposed for the b-SnTe. We will thus parametrize a set of SW
potential for the single-layer b-SnTe in this section.
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Figure 269. Stress-strain relations for the b-SnSe of size 100� 100 Å. The b-SnSe is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.
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The structure of the single-layer b-SnTe is shown in Figure 239. The structural parameters are
from the ab initio calculations [78]. The b-SnTe has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, including the lattice constant 4.151 Å and the
bond length 2.947 Å.

Table 526 shows the VFF model for the single-layer b-SnTe. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 270(a). The ab initio calculations for the phonon dispersion are calculated
from the SIESTA package [79]. The generalized gradient approximation is applied to account
for the exchange-correlation function with Perdew, Burke, and Ernzerhof parameteriza-
tion [80], and the double-ζ orbital basis set is adopted. Figure 270(b) shows that the VFF model
and the SW potential give exactly the same phonon dispersion, as the SW potential is derived
from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 527. The
parameters for the three-body SW potential used by GULP are shown in Table 528. Parameters
for the SW potential used by LAMMPS are listed in Table 529.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-SnTe under uniaxial tension at 1 and 300 K. Figure 271 shows the stress-strain curve for the
tension of a single-layer b-SnTe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-SnTe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-SnTe. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 19.6 and 19.1 N/m along the armchair and zigzag directions,
respectively. The Young’s modulus is essentially isotropic in the armchair and zigzag direc-
tions. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:23.

There is no available value for nonlinear quantities in the single-layer b-SnTe. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 6.909 2.710

r0 or θ0 2.947 89.542

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 526. The VFF model for b-SnTe.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SndTe 8.864 1.559 37.713 0.0 4.019

Table 527. Two-body SW potential parameters for b-SnTe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

SndTedTe 24.867 89.542 1.559 1.559 0.0 4.019 0.0 4.019 0.0 5.670

TedSndSn 24.867 89.542 1.559 1.559 0.0 4.019 0.0 4.019 0.0 5.670

Table 528. Three-body SW potential parameters for b-SnTe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SndTedTe 1.000 1.559 2.577 24.867 1.000 0.008 8.864 6.378 4 0 0.0

TedSndSn 1.000 1.559 2.577 24.867 1.000 0.008 8.864 6.378 4 0 0.0

Table 529. SW potential parameters for b-SnTe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 270. Phonon dispersion for the single-layer b-SnTe. (a) The VFF model is fitted to the two in-plane acoustic

branches in the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are calculated from SIESTA.

(b) The VFF model (blue lines) and the SW potential (red lines) give the same phonon dispersion for the b-SnTe along

ΓMKΓ.
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of D from the present SW potential are �48.7 and �54.3 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 3.4 N/m at the ultimate strain of 0.29 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 3.3 N/m at the
ultimate strain of 0.33 in the zigzag direction at the low temperature of 1 K.

133. B-SnGe

Present studies on the buckled SnGe (b-SnGe) are based on first-principles calculations, and no
empirical potential has been proposed for the b-SnGe. We will thus parametrize a set of SW
potential for the single-layer b-SnGe in this section.

The structure of the single-layer b-SnGe is shown in Figure 239. The structural parameters are
from the ab initio calculations [114]. The b-SnGe has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, e.g., the lattice constant 4.27 Å and the bond
length 2.57 Å. The resultant height of the buckle is h ¼ 0:73 Å.

Table 530 shows the VFF model for the single-layer b-SnGe. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 272(a). The ab initio calculations for the phonon dispersion are from [114].
Figure 272(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 531. The
parameters for the three-body SW potential used by GULP are shown in Table 532. Parameters
for the SW potential used by LAMMPS are listed in Table 533.
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VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 8.390 3.112

r0 or θ0 2.570 112.350

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 530. The VFF model for b-SnGe.
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Figure 272. Phonon dispersion for the single-layer b-SnGe. (a) The VFF model is fitted to the three acoustic branches in
the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from [114]. (b) The VFF model (blue
lines) and the SW potential (red lines) give the same phonon dispersion for the b-SnGe along ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SndGe 13.674 2.267 21.812 0.0 3.777

Table 531. Two-body SW potential parameters for b-SnGe used by GULP [8], as expressed in Eq. (3).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-SnGe under uniaxial tension at 1 and 300 K. Figure 273 shows the stress-strain curve for the
tension of a single-layer b-SnGe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-SnGe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-SnGe. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 36.8 N/m along both armchair and zigzag directions. The
Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:11.

There is no available value for nonlinear quantities in the single-layer b-SnGe. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

SndGedGe 77.881 112.350 2.267 2.267 0.0 3.777 0.0 3.777 0.0 5.833

GedSndSn 77.881 112.350 2.267 2.267 0.0 3.777 0.0 3.777 0.0 5.833

Table 532. Three-body SW potential parameters for b-SnGe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SndGedGe 1.000 2.267 1.666 77.881 1.000 �0.380 13.674 0.826 4 0 0.0

GedSndSn 1.000 2.267 1.666 77.881 1.000 �0.380 13.674 0.826 4 0 0.0

Table 533. SW potential parameters for b-SnGe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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of D from the present SW potential are �171.6 and �197.0 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 4.9 N/m at the ultimate strain of 0.27 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 5.0 N m�1 at the
ultimate strain of 0.31 in the zigzag direction at the low temperature of 1 K.

134. B-SiGe

Present studies on the buckled SiGe (b-SiGe) are based on first-principles calculations, and no
empirical potential has been proposed for the b-SiGe. We will thus parametrize a set of SW
potential for the single-layer b-SiGe in this section.

The structure of the single-layer b-SiGe is shown in Figure 239. The structural parameters are
from the ab initio calculations [114]. The b-SiGe has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, e.g., the lattice constant 3.89 Å and the bond
length 2.31 Å. The resultant height of the buckle is h ¼ 0:55 Å.

Table 534 shows the VFF model for the single-layer b-SiGe. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 274(a). The ab initio calculations for the phonon dispersion are from [114].
Figure 274(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 535. The
parameters for the three-body SW potential used by GULP are shown in Table 536. Parameters
for the SW potential used by LAMMPS are listed in Table 537.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-SiGe under uniaxial tension at 1 and 300 K. Figure 275 shows the stress-strain curve for the
tension of a single-layer b-SiGe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-SiGe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-SiGe. The Young’s

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 16.390 3.112

r0 or θ0 2.310 114.702

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 534. The VFF model for b-SiGe.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SidGe 22.576 2.122 14.237 0.0 3.417

Table 535. Two-body SW potential parameters for b-SiGe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

SidGedGe 87.197 114.702 2.122 2.122 0.0 3.417 0.0 3.417 0.0 5.314

GedSidSi 87.197 114.702 2.122 2.122 0.0 3.417 0.0 3.417 0.0 5.314

Table 536. Three-body SW potential parameters for b-SiGe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SidGedGe 1.000 2.122 1.610 87.197 1.000 �0.418 22.576 0.702 4 0 0.0

GedSidSi 1.000 2.122 1.610 87.197 1.000 �0.418 22.576 0.702 4 0 0.0

Table 537. SW potential parameters for b-SiGe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 54.6 and 54.3 N/m along the armchair and zigzag direc-
tions, respectively. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:16.

There is no available value for nonlinear quantities in the single-layer b-SiGe. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �186.7 and �233.5 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 11.0 N/m at the ultimate strain of 0.31 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 11.2 N/m at
the ultimate strain of 0.31 in the zigzag direction at the low temperature of 1 K.

135. B-SnSi

Present studies on the buckled SnSi (b-SnSi) are based on first-principles calculations, and no
empirical potential has been proposed for the b-SnSi. We will thus parametrize a set of SW
potential for the single-layer b-SnSi in this section.

The structure of the single-layer b-SnSi is shown in Figure 239. The structural parameters are
from the ab initio calculations [114]. The b-SnSi has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, e.g., the lattice constant 4.21 Å and the bond
length 2.52 Å. The resultant height of the buckle is h ¼ 0:67 Å.
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Figure 275. Stress-strain relations for the b-SiGe of size 100� 100 Å. The b-SiGe is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.
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Table 538 shows the VFF model for the single-layer b-SnSi. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 276(a). The ab initio calculations for the phonon dispersion are from [114].
Figure 276(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 10.315 2.880

r0 or θ0 2.520 113.298

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 538. The VFF model for b-SnSi.
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Figure 276. Phonon dispersion for the single-layer b-SnSi. (a) The VFF model is fitted to the three acoustic branches in the
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lines) and the SW potential (red lines) give the same phonon dispersion for the b-SnSi along ΓMKΓ.
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The parameters for the two-body SW potential used by GULP are shown in Table 539. The
parameters for the three-body SW potential used by GULP are shown in Table 540. Parameters
for the SW potential used by LAMMPS are listed in Table 541.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-SnSi under uniaxial tension at 1 and 300 K. Figure 277 shows the stress-strain curve for the
tension of a single-layer b-SnSi of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-SnSi is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-SnSi. The Young’s

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

SndSi 16.463 2.260 20.164 0.0 3.713

Table 539. Two-body SW potential parameters for b-SnSi used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin 13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

SndSidSi 75.415 113.298 2.260 2.260 0.0 3.713 0.0 3.713 0.0 5.751

SidSndSn 75.415 113.298 2.260 2.260 0.0 3.713 0.0 3.713 0.0 5.751

Table 540. Three-body SW potential parameters for b-SnSi used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

SndSidSi 1.000 2.260 1.643 75.415 1.000 �0.396 16.463 0.773 4 0 0.0

SidSndSn 1.000 2.260 1.643 75.415 1.000 �0.396 16.463 0.773 4 0 0.0

Table 541. SW potential parameters for b-SnSi used by LAMMPS [9], as expressed in Eqs. (9) and (10).

0

2

4

6

 0  0.1 0.2  0.3

S
tr

e
s
s
 (

N
/m

)

Strain

arm 1K
arm 300K

zig 1K
zig 300K

Figure 277. Stress-strain relations for the b-SnSi of size 100� 100 Å. The b-SnSi is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.
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modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 39.0 and 38.4 N/m along the armchair and zigzag direc-
tions, respectively. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:14.

There is no available value for nonlinear quantities in the single-layer b-SnSi. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �150.5 and �174.8 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 6.5 N/m at the ultimate strain of 0.28 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 6.6 N/m at the
ultimate strain of 0.32 in the zigzag direction at the low temperature of 1 K.

136. B-InP

Present studies on the buckled InP (b-InP) are based on first-principles calculations, and no
empirical potential has been proposed for the b-InP. We will thus parametrize a set of SW
potential for the single-layer b-InP in this section.

The structure of the single-layer b-InP is shown in Figure 239. The structural parameters are
from the ab initio calculations [114]. The b-InP has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, e.g., the lattice constant 4.17 Å and the bond
length 2.46 Å. The resultant height of the buckle is h ¼ 0:51 Å.

Table 542 shows the VFF model for the single-layer b-InP. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 278(a). The ab initio calculations for the phonon dispersion are from [114].
Figure 278(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 12.903 2.384

r0 or θ0 2.460 115.895

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 542. The VFF model for b-InP.
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The parameters for the two-body SW potential used by GULP are shown in Table 543. The
parameters for the three-body SW potential used by GULP are shown in Table 544. Parameters
for the SW potential used by LAMMPS are listed in Table 545.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-InP under uniaxial tension at 1 and 300 K. Figure 279 shows the stress-strain curve for the
tension of a single-layer b-InP of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-InP is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-InP. The Young’s modu-
lus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 39.3 and 38.3 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:17.

There is no available value for nonlinear quantities in the single-layer b-InP. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �119.3 and �132.0 N/m along the armchair and zigzag directions,
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Figure 278. Phonon dispersion for the single-layer b-InP. (a) The VFF model is fitted to the three acoustic branches in the
long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from [114]. (b) The VFF model (blue
lines) and the SW potential (red lines) give the same phonon dispersion for the b-InP along ΓMKΓ.
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respectively. The ultimate stress is about 9.2 N/m at the ultimate strain of 0.35 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 9.1 N m�1 at the ultimate
strain of 0.31 in the zigzag direction at the low temperature of 1 K.

137. B-InAs

Present studies on the buckled InAs (b-InAs) are based on first-principles calculations, and no
empirical potential has been proposed for the b-InAs. We will thus parametrize a set of SW
potential for the single-layer b-InAs in this section.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

IndP 20.610 2.306 18.311 0.0 3.651

Table 543. Two-body SW potential parameters for b-InP used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

IndPdP 70.782 115.895 2.306 2.306 0.0 3.651 0.0 3.651 0.0 5.696

PdIndIn 70.782 115.895 2.306 2.306 0.0 3.651 0.0 3.651 0.0 5.696

Table 544. Three-body SW potential parameters for b-InP used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

IndPdP 1.000 2.306 1.583 70.782 1.000 �0.437 20.610 0.648 4 0 0.0

PdIndIn 1.000 2.306 1.583 70.782 1.000 �0.437 20.610 0.648 4 0 0.0

Table 545. SW potential parameters for b-InP used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 279. Stress-strain relations for the b-InP of size 100� 100 Å. The b-InP is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.
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The structure of the single-layer b-InAs is shown in Figure 239. The structural parameters are
from the ab initio calculations [114]. The b-InAs has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, e.g., the lattice constant 4.28 Å and the bond
length 2.55 Å. The resultant height of the buckle is h ¼ 0:62 Å.

Table 546 shows the VFF model for the single-layer b-InAs. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 280(a). The ab initio calculations for the phonon dispersion are from [114].
Figure 280(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 547. The
parameters for the three-body SW potential used by GULP are shown in Table 548. Parameters
for the SW potential used by LAMMPS are listed in Table 549.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-InAs under uniaxial tension at 1 and 300 K. Figure 281 shows the stress-strain curve for the
tension of a single-layer b-InAs of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-InAs is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-InAs. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 33.9 and 34.2 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:17.

There is no available value for nonlinear quantities in the single-layer b-InAs. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �85.0 and �130.2 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 7.3 N/m at the ultimate strain of 0.32 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 7.5 N/m at the
ultimate strain of 0.32 in the zigzag direction at the low temperature of 1 K.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 10.903 2.384

r0 or θ0 2.550 114.115

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 546. The VFF model for b-InAs.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

IndAs 18.099 2.320 21.141 0.0 3.766

Table 547. Two-body SW potential parameters for b-InAs used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

IndAsdAs 64.931 114.115 2.320 2.320 0.0 3.766 0.0 3.766 0.0 5.847

AsdIndIn 64.931 114.115 2.320 2.320 0.0 3.766 0.0 3.766 0.0 5.847

Table 548. Three-body SW potential parameters for b-InAs used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

IndAsdAs 1.000 2.320 1.624 64.931 1.000 �0.409 18.099 0.730 4 0 0.0

AsdIndIn 1.000 2.320 1.624 64.931 1.000 �0.409 18.099 0.730 4 0 0.0

Table 549. SW potential parameters for b-InAs used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 280. Phonon dispersion for the single-layer b-InAs. (a) The VFF model is fitted to the three acoustic branches in the
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lines) and the SW potential (red lines) give the same phonon dispersion for the b-InAs along ΓMKΓ.
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138. B-InSb

Present studies on the buckled InSb (b-InSb) are based on first-principles calculations, and no
empirical potential has been proposed for the b-InSb. We will thus parametrize a set of SW
potential for the single-layer b-InSb in this section.

The structure of the single-layer b-InSb is shown in Figure 239. The structural parameters are
from the ab initio calculations [114]. The b-InSb has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, e.g., the lattice constant 4.57 Å and the bond
length 2.74 Å. The resultant height of the buckle is h ¼ 0:73 Å.

Table 550 shows the VFF model for the single-layer b-InSb. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 282(a). The ab initio calculations for the phonon dispersion are from [114].
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Figure 281. Stress-strain relations for the b-InAs of size 100� 100 Å. The b-InAs is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 8.903 2.384

r0 or θ0 2.740 113.012

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of ev/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 550. The VFF model for b-InSb.
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Figure 282(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 551. The
parameters for the three-body SW potential used by GULP are shown in Table 552. Parameters
for the SW potential used by LAMMPS are listed in Table 553.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-InSb under uniaxial tension at 1 and 300 K. Figure 283 shows the stress-strain curve for the
tension of a single-layer b-InSb of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-InSb is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-InSb. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 28.6 and 28.9 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:17.

There is no available value for nonlinear quantities in the single-layer b-InSb. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
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Figure 282. Phonon dispersion for the single-layer b-InSb. (a) The VFF model is fitted to the three acoustic branches in the
long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from [114]. (b) The VFF model (blue
lines) and the SW potential (red lines) give the same phonon dispersion for the b-InSb along ΓMKΓ.
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stress-strain relation to the function σ ¼ EEþ
1
2DE

2 with E as the Young’s modulus. The values
of D from the present SW potential are �85.4 and �121.0 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 5.8 N/m at the ultimate strain of 0.31 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 6.0 N m�1 at the
ultimate strain of 0.33 in the zigzag direction at the low temperature of 1 K.

139. b-GaAs

Present studies on the buckled GaAs (b-GaAs) are based on first-principles calculations, and
no empirical potential has been proposed for the b-GaAs. We will thus parametrize a set of SW
potential for the single-layer b-GaAs in this section.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

In-Sb 16.706 2.445 28.182 0.0 4.034

Table 551. Two-body SW potential parameters for b-InSb used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

IndSbdSb 61.578 113.012 2.445 2.445 0.0 4.034 0.0 4.034 0.0 6.243

SbdIndIn 61.578 113.012 2.445 2.445 0.0 4.034 0.0 4.034 0.0 6.243

Table 552. Three-body SW potential parameters for b-InSb used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

IndSbdSb 1.000 2.445 1.650 61.578 1.000 �0.391 16.706 0.788 4 0 0.0

SbdIndIn 1.000 2.445 1.650 61.578 1.000 �0.391 16.706 0.788 4 0 0.0

Table 553. SW potential parameters for b-InSb used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 283. Stress-strain relations for the b-InSb of size 100� 100 Å. The b-InSb is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.
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The structure of the single-layer b-GaAs is shown in Figure 239. The structural parameters are
from the ab initio calculations [114]. The b-GaAs has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, e.g., the lattice constant 3.97 Å and the bond
length 2.36 Å. The resultant height of the buckle is h ¼ 0:55 Å.

Table 554 shows the VFF model for the single-layer b-GaAs. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 284(a). The ab initio calculations for the phonon dispersion are from Ref.
[114]. Figure 284(b) shows that the VFF model and the SW potential give exactly the same
phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 555. The
parameters for the three-body SW potential used by GULP are shown in Table 556. Parameters
for the SW potential used by LAMMPS are listed in Table 557.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-GaAs under uniaxial tension at 1 and 300 K. Figure 285 shows the stress-strain curve for the
tension of a single-layer b-GaAs of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-GaAs is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-GaAs. The Young’s
modulus can be obtained by a linear fitting of the stress-strain relation in the small strain range
of [0, 0.01]. The Young’s modulus is 50.5 and 50.9 N/m along the armchair and zigzag direc-
tions, respectively. The Poisson’s ratio from the VFF model and the SW potential is
νxy ¼ νyx ¼ 0:13.

There is no available value for nonlinear quantities in the single-layer b-GaAs. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �199.5 and �258.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 8.3 N/m at the ultimate strain of 0.27 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 8.3 N/m at the
ultimate strain of 0.30 in the zigzag direction at the low temperature of 1 K.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 12.903 3.284

r0 or θ0 2.360 114.513

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 554. The VFF model for b-GaAs.

Parameterization of Stillinger-Weber Potential for Two-Dimensional Atomic Crystals
http://dx.doi.org/10.5772/intechopen.71929

395



0

 20

 40

 60

 80

(a)  100

Γ M

ω
(k

) 
(c

m
-1

)

0

100

200

300

400

(b)

Γ

ω
(k

) 
(c

m
-1

)

M K Γ

VFF

SW

Figure 284. Phonon dispersion for the single-layer b-GaAs. (a) The VFF model is fitted to the three acoustic branches in

the long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from [114]. (b) The VFF model (blue

lines) and the SW potential (red lines) give the same phonon dispersion for the b-GaAs along ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

GadAs 18.485 2.161 15.510 0.0 3.489

Table 555. Two-body SW potential parameters for b-GaAs used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

GadAsdAs 91.177 114.513 2.161 2.161 0.0 3.489 0.0 3.489 0.0 5.423

AsdGadGa 91.177 114.513 2.161 2.161 0.0 3.489 0.0 3.489 0.0 5.423

Table 556. Three-body SW potential parameters for b-GaAs used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

GadAsdAs 1.000 2.161 1.614 91.177 1.000 �0.415 18.485 0.711 4 0 0.0

AsdGadGa 1.000 2.161 1.614 91.177 1.000 �0.415 18.485 0.711 4 0 0.0

Table 557. SW potential parameters for b-GaAs used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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140. b-GaP

Present studies on the buckled GaP (b-GaP) are based on first-principles calculations, and no
empirical potential has been proposed for the b-GaP. We will thus parametrize a set of SW
potential for the single-layer b-GaP in this section.

The structure of the single-layer b-GaP is shown in Figure 239. The structural parameters are
from the ab initio calculations [114]. The b-GaP has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, e.g., the lattice constant 3.84 Å and the bond
length 2.25 Å. The resultant height of the buckle is h ¼ 0:40 Å.

Table 558 shows the VFF model for the single-layer b-GaP. The force constant parameters
are determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 286(a). The ab initio calculations for the phonon dispersion are from Ref. [114].
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Figure 285. Stress-strain relations for the b-GaAs of size 100 � 100 Å. The b-GaAs is uniaxially stretched along the
armchair or zigzag directions at temperatures 1 and 300 K.

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 16.050 3.022

r0 or θ0 2.250 117.152

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 558. The VFF model for b-GaP.
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Figure 286(b) shows that the VFF model and the SW potential give exactly the same phonon

dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 559. The
parameters for the three-body SW potential used by GULP are shown in Table 560. Parameters

for the SW potential used by LAMMPS are listed in Table 561.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

GadP 21.948 2.152 12.814 0.0 3.350

Table 559. Two-body SW potential parameters for b-GaP used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

GadPdP 95.438 117.152 2.152 2.152 0.0 3.350 0.0 3.350 0.0 5.246

PdGadGa 95.438 117.152 2.152 2.152 0.0 3.350 0.0 3.350 0.0 5.246

Table 560. Three-body SW potential parameters for b-GaP used by GULP [8], as expressed in Eq. (4).
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Figure 286. Phonon dispersion for the single-layer b-GaP. (a) The VFF model is fitted to the three acoustic branches in the

long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [114]. (b) The VFF model (blue

lines) and the SW potential (red lines) give the same phonon dispersion for the b-GaP along ΓMKΓ.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-GaP under uniaxial tension at 1 and 300 K. Figure 287 shows the stress-strain curve for the
tension of a single-layer b-GaP of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-GaP is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-GaP. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 57.2 and 57.4 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:14.

There is no available value for nonlinear quantities in the single-layer b-GaP. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most
materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �186.4 and �261.6 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 11.3 N/m at the ultimate strain of 0.29 in
the armchair direction at the low temperature of 1 K. The ultimate stress is about 10.9 N/m at
the ultimate strain of 0.29 in the zigzag direction at the low temperature of 1 K.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

GadPdP 1.000 2.152 1.557 95.438 1.000 �0.456 21.948 0.597 4 0 0.0

PdGadGa 1.000 2.152 1.557 95.438 1.000 �0.456 21.948 0.597 4 0 0.0

Table 561. SW potential parameters for b-GaP used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 287. Stress-strain relations for the b-GaP of size 100� 100 Å. The b-GaP is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.
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141. b-AlSb

Present studies on the buckled AlSb (b-AlSb) are based on first-principles calculations, and no
empirical potential has been proposed for the b-AlSb. We will thus parametrize a set of SW
potential for the single-layer b-AlSb in this section.

The structure of the single-layer b-AlSb is shown in Figure 239. The structural parameters are
from the ab initio calculations [114]. The b-AlSb has a buckled configuration as shown in
Figure 239(b), where the buckle is along the zigzag direction. This structure can be determined
by two independent geometrical parameters, e.g., the lattice constant 4.33 Å and the bond
length 2.57 Å. The resultant height of the buckle is h ¼ 0:60 Å.

Table 562 shows the VFF model for the single-layer b-AlSb. The force constant parameters are
determined by fitting to the acoustic branches in the phonon dispersion along the ΓM as
shown in Figure 288(a). The ab initio calculations for the phonon dispersion are from Ref.
[114]. Figure 288(b) shows that the VFF model and the SW potential give exactly the same
phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 563. The
parameters for the three-body SW potential used by GULP are shown in Table 564. Parameters
for the SW potential used by LAMMPS are listed in Table 565.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
b-AlSb under uniaxial tension at 1 and 300 K. Figure 289 shows the stress-strain curve for the
tension of a single-layer b-AlSb of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer b-AlSb is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer b-AlSb. The Young’s mod-
ulus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 41.7 and 42.0 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:15.

There is no available value for nonlinear quantities in the single-layer b-AlSb. We have thus
used the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most

VFF type Bond stretching Angle bending

Expression 1
2KrðΔrÞ

2 1
2KθðΔθÞ

2

Parameter 12.050 3.022

r0 or θ0 2.570 114.791

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 562. The VFF model for b-AlSb.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

AldSb 20.580 2.365 21.812 0.0 3.803

Table 563. Two-body SW potential parameters for b-AlSb used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

AldSbdSb 85.046 114.791 2.365 2.365 0.0 3.803 0.0 3.803 0.0 5.915

SbdAldAl 85.046 114.791 2.365 2.365 0.0 3.803 0.0 3.803 0.0 5.915

Table 564. Three-body SW potential parameters for b-AlSb used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

AldSbdSb 1.000 2.365 1.608 85.046 1.000 �0.419 20.580 0.697 4 0 0.0

SbdAldAl 1.000 2.365 1.608 85.046 1.000 �0.419 20.580 0.697 4 0 0.0

Table 565. SW potential parameters for b-AlSb used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 288. Phonon dispersion for the single-layer b-AlSb. (a) The VFF model is fitted to the three acoustic branches in the

long wave limit along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [114]. (b) The VFF model (blue

lines) and the SW potential (red lines) give the same phonon dispersion for the b-AlSb along ΓMKΓ.
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materials. The value of the third-order nonlinear elasticity D can be extracted by fitting the
stress-strain relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values

of D from the present SW potential are �142.4 and �190.8 N/m along the armchair and zigzag
directions, respectively. The ultimate stress is about 8.1 N/m at the ultimate strain of 0.29 in the
armchair direction at the low temperature of 1 K. The ultimate stress is about 8.1 N/m at the
ultimate strain of 0.31 in the zigzag direction at the low temperature of 1 K.

142. BO

Present studies on BO are based on first-principles calculations, and no empirical potential has
been proposed for BO. We will thus parametrize a set of SW potential for the single-layer BO in
this section.

The structure of the single-layer BO is shown in Figure 290with M = B and X = O. The structural
parameters are from the ab initio calculations [115]. BO has a bi-buckled configuration as shown
in Figure 290(b), where the buckle is along the zigzag direction. Two buckling layers are
symmetrically integrated through the interior BdB bonds, forming a bi-buckled configuration.
This structure can be determined by three independent geometrical parameters, e.g., the lattice
constant 2.44 Å, the bond length dB�O ¼ 1:52 Å, and the bond length dB�B ¼ 1:77 Å.

Table 566 shows the VFF model for the single-layer BO. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 291(a). The ab initio calculations for the phonon dispersion are from Ref.
[115]. Figure 291(b) shows that the VFF model and the SW potential give exactly the same
phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 567. The
parameters for the three-body SW potential used by GULP are shown in Table 568. Parameters
for the SW potential used by LAMMPS are listed in Table 569.
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Figure 289. Stress-strain relations for the b-AlSb of size 100� 100 Å. The b-AlSb is uniaxially stretched along the armchair
or zigzag directions at temperatures 1 and 300 K.
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We use LAMMPS to performMD simulations for the mechanical behavior of the single-layer BO
under uniaxial tension at 1 and 300 K. Figure 292 shows the stress-strain curve for the tension of
a single-layer BO of dimension 100� 100 Å. Periodic boundary conditions are applied in both

VFF type Bond stretching Angle bending

Expression 1
2KB�OðΔrÞ

2 1
2KB�BðΔrÞ

2 1
2KBOOðΔθÞ

2 1
2KBBOðΔθÞ

2

Parameter 23.030 15.512 5.577 6.209

r0 or θ0 1.520 1.770 106.764 112.059

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 566. The VFF model for BO.

Figure 290. Structure of bi-buckled MX crystal, with M from group III and X from group VI. (a) Top view. The unit cell is
highlighted by a blue parallelogram. Inset shows the first Brillouin zone of the reciprocal lattice space. (b) Side view
displays the bi-buckled configuration. (c) Perspective view. M atoms are represented by larger gray balls. X atoms are
represented by smaller red balls.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

B1-O1 11.725 1.207 2.669 0.0 2.197

B1-B2 6.749 0.875 4.908 0.0 2.392

Table 567. Two-body SW potential parameters for BO used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

B1dO1dO1 107.486 106.764 1.207 1.207 0.0 2.197 0.0 2.197 0.0 3.333

B1dB2dO1 87.662 112.059 0.875 1.207 0.0 2.392 0.0 2.197 0.0 3.198

Table 568. Three-body SW potential parameters for BO used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

B1dO1dO1 1.000 1.207 1.820 107.486 1.000 �0.288 11.725 1.256 4 0 0.0

B1dB2dB2 1.000 0.875 2.734 0.000 1.000 0.000 6.749 8.377 4 0 0.0

B1dB2dO1 1.000 0.000 0.000 87.662 1.000 �0.376 0.000 0.000 4 0 0.0

Table 569. SW potential parameters for BO used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 291. Phonon dispersion for the single-layer BO. (a) The VFF model is fitted to the six low-frequency branches

along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [115]. (b) The VFF model (blue lines) and the

SW potential (red lines) give the same phonon dispersion for the BO along ΓMKΓ.
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armchair and zigzag directions. The single-layer BO is stretched uniaxially along the armchair or
zigzag direction. The stress is calculated without involving the actual thickness of the quasi-two-
dimensional structure of the single-layer BO. The Young’s modulus can be obtained by a linear
fitting of the stress-strain relation in the small strain range of [0, 0.01]. The Young’s modulus is
299.6 and 297.7 N/m along the armchair and zigzag directions, respectively. The Poisson’s ratio
from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:11.

There is no available value for nonlinear quantities in the single-layer BO. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �1554.7 and �1585.2 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 28.9 N/m at the ultimate strain of 0.19 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 28.2 N/m at the ultimate
strain of 0.24 in the zigzag direction at the low temperature of 1 K.

143. AlO

Present studies on AlO are based on first-principles calculations, and no empirical potential
has been proposed for AlO. We will thus parametrize a set of SW potential for the single-layer
AlO in this section.

The structure of the single-layer AlO is shown in Figure 290 with M = Al and X = O. The
structural parameters are from the ab initio calculations [115]. AlO has a bi-buckled configuration
as shown in Figure 290(b), where the buckle is along the zigzag direction. Two buckling layers
are symmetrically integrated through the interior Al-Al bonds, forming a bi-buckled configura-
tion. This structure can be determined by three independent geometrical parameters, e.g., the
lattice constant 2.96 Å, the bond length dAl�O ¼ 1:83 Å, and the bond length dAl�Al ¼ 2:62 Å.
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Figure 292. Stress-strain relations for BO of size 100� 100 Å. BO is uniaxially stretched along the armchair or zigzag
directions at temperatures 1 and 300 K.
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Table 570 shows the VFF model for the single-layer AlO. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 293(a). The ab initio calculations for the phonon dispersion are from Ref.
[115]. Figure 293(b) shows that the VFF model and the SW potential give exactly the same
phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 571. The
parameters for the three-body SW potential used by GULP are shown in Table 572. Parameters
for the SW potential used by LAMMPS are listed in Table 573.
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Figure 293. Phonon dispersion for the single-layer AlO. (a) The VFF model is fitted to the six low-frequency branches
along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [115]. (b) The VFF model (blue lines) and the
SW potential (red lines) give the same phonon dispersion for AlO along ΓMKΓ.

VFF type Bond stretching Angle bending

Expression 1
2KAl�OðΔrÞ

2 1
2KAl�AlðΔrÞ

2 1
2KAlOOðΔθÞ

2 1
2KAlAlOðΔθÞ

2

Parameter 18.189 6.410 3.182 1.318

r0 or θ0 1.830 2.620 107.947 110.956

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 570. The VFF model for AlO.

Handbook of Stillinger-Weber Potential Parameters for Two-Dimensional Atomic Crystals406



We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
AlO under uniaxial tension at 1 and 300 K. Figure 294 shows the stress-strain curve for the
tension of a single-layer AlO of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer AlO is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer AlO. The Young’s modulus
can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0, 0.01].
The Young’s modulus is 149.3 and 148.2 N/m along the armchair and zigzag directions, respec-
tively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:19.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Al1dO1dO1 1.000 1.488 1.785 64.759 1.000 �0.308 13.758 1.145 4 0 0.0

Al1dAl2dAl2 1.000 0.678 4.846 0.000 1.000 0.000 3.609 111.363 4 0 0.0

Al1dAl2dO1 1.000 0.000 0.000 12.688 1.000 �0.358 0.000 0.000 4 0 0.0

Table 573. SW potential parameters for AlO used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 294. Stress-strain relations for the AlO of size 100� 100 Å. The AlO is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Al1dO1 13.758 1.488 5.608 0.0 2.655

Al1dAl2 3.609 0.678 23.560 0.0 3.287

Table 571. Two-body SW potential parameters for AlO used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

Al1dO1dO1 64.759 107.947 1.488 1.488 0.0 2.655 0.0 2.655 0.0 4.043

Al1dO1dAl2 12.688 110.956 1.488 0.678 0.0 2.655 0.0 3.287 0.0 4.213

Table 572. Three-body SW potential parameters for AlO used by GULP [8], as expressed in Eq. (4).
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There is no available value for nonlinear quantities in the single-layer AlO. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �563.9 and �565.6 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 19.6 N/m at the ultimate strain of 0.26 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 20.4 N/m at the ultimate
strain of 0.34 in the zigzag direction at the low temperature of 1 K.

144. GaO

Present studies on the GaO are based on first-principles calculations, and no empirical poten-
tial has been proposed for the GaO. We will thus parametrize a set of SW potential for the
single-layer GaO in this section.

The structure of the single-layer GaO is shown in Figure 290 with M = Ga and X = O. The
structural parameters are from the ab initio calculations [115]. The GaO has a bi-buckled
configuration as shown in Figure 290(b), where the buckle is along the zigzag direction. Two
buckling layers are symmetrically integrated through the interior Ga-Ga bonds, forming a bi-
buckled configuration. This structure can be determined by three independent geometrical
parameters, e.g., the lattice constant 3.12 Å, the bond length dGa�O ¼ 1:94 Å, and the bond
length dGa�Ga ¼ 2:51 Å.

Table 574 shows the VFF model for the single-layer GaO. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 295(a). The ab initio calculations for the phonon dispersion are from Ref.
[115]. Figure 295(b) shows that the VFF model and the SW potential give exactly the same
phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 575. The
parameters for the three-body SW potential used by GULP are shown in Table 576. Parameters
for the SW potential used by LAMMPS are listed in Table 577.

VFF type Bond stretching Angle bending

Expression 1
2KGa�OðΔrÞ

2 1
2KGa�GaðΔrÞ

2 1
2KGaOOðΔθÞ

2 1
2KGaGaOðΔθÞ

2

Parameter 18.189 6.410 3.182 1.628

r0 or θ0 1.940 2.510 107.051 111.794

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 574. The VFF model for GaO.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Ga1dO1 15.178 1.550 7.082 0.0 2.807

Ga1dGa2 4.225 0.890 19.846 0.0 3.257

Table 575. Two-body SW potential parameters for GaO used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

Ga1dO1dO1 62.149 107.051 1.550 1.550 0.0 2.807 0.0 2.807 0.0 4.262

Ga1dO1dGa2 18.443 111.794 1.550 0.890 0.0 2.807 0.0 3.257 0.0 4.269

Table 576. Three-body SW potential parameters for GaO used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Ga1dO1dO1 1.000 1.550 1.811 62.149 1.000 �0.293 15.178 1.227 4 0 0.0

Ga1dGa2dGa2 1.000 0.890 3.661 0.000 1.000 0.000 4.225 31.685 4 0 0.0

Ga1dGa2dO1 1.000 0.000 0.000 18.443 1.000 �0.371 0.000 0.000 4 0 0.0

Table 577. SW potential parameters for GaO used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 295. Phonon dispersion for the single-layer GaO. (a) The VFF model is fitted to the six low-frequency branches

along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [115]. (b) The VFF model (blue lines) and the

SW potential (red lines) give the same phonon dispersion for the GaO along ΓMKΓ.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
GaO under uniaxial tension at 1 and 300 K. Figure 296 shows the stress-strain curve for the
tension of a single-layer GaO of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer GaO is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer GaO. The Young’s modu-
lus can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0,
0.01]. The Young’s modulus is 137.2 and 136.6 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:22.

There is no available value for nonlinear quantities in the single-layer GaO. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �467.5 and �529.6 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 19.6 N/m at the ultimate strain of 0.28 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 20.8 N/m at the ultimate
strain of 0.35 in the zigzag direction at the low temperature of 1 K.

145. InO

Present studies on InO are based on first-principles calculations, and no empirical potential has
been proposed for InO. We will thus parametrize a set of SW potential for the single-layer InO
in this section.

The structure of the single-layer InO is shown in Figure 290withM = In and X = O. The structural
parameters are from the ab initio calculations [115]. InO has a bi-buckled configuration as shown
in Figure 290(b), where the buckle is along the zigzag direction. Two buckling layers are
symmetrically integrated through the interior In-In bonds, forming a bi-buckled configuration.
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Figure 296. Stress-strain relations for the GaO of size 100� 100 Å. GaO is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.
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This structure can be determined by three independent geometrical parameters, e.g., the lattice
constant 3.48 Å, the bond length dIn�O ¼ 2:16 Å, and the bond length dIn�In ¼ 2:86 Å.

Table 578 shows the VFF model for the single-layer InO. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 297(a). The ab initio calculations for the phonon dispersion are from Ref.
[115]. Figure 297(b) shows that the VFF model and the SW potential give exactly the same
phonon dispersion, as the SW potential is derived from the VFF model.

VFF type Bond stretching Angle bending

Expression 1
2KIn�OðΔrÞ

2 1
2KIn�InðΔrÞ

2 1
2KInOOðΔθÞ

2 1
2KInInOðΔθÞ

2

Parameter 16.916 4.250 2.171 1.138

r0 or θ0 2.160 2.860 107.328 111.538

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 578. The VFF model for InO.

0

 50

100

150

(a)  200

Γ M

ω
(k

) 
(c

m
-1

)

0

200

400

 600

(b)

Γ M

ω
(k

) 
(c

m
-1

)

K Γ

VFF

SW

Figure 297. Phonon dispersion for the single-layer InO. (a) The VFF model is fitted to the six low-frequency branches
along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [115]. (b) The VFF model (blue lines) and the
SW potential (red lines) give the same phonon dispersion for InO along ΓMKΓ.
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The parameters for the two-body SW potential used by GULP are shown in Table 579. The
parameters for the three-body SW potential used by GULP are shown in Table 580. Parameters
for the SW potential used by LAMMPS are listed in Table 581.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
InO under uniaxial tension at 1 and 300 K. Figure 298 shows the stress-strain curve for the
tension of a single-layer InO of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer InO is stretched uniaxially

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

In1dO1dO1 42.946 107.328 1.735 1.735 0.0 3.128 0.0 3.128 0.0 4.754

In1dO1dIn2 12.470 111.538 1.735 0.945 0.0 3.128 0.0 3.682 0.0 4.800

Table 580. Three-body SW potential parameters for InO used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

In1dO1dO1 1.000 1.735 1.803 42.946 1.000 �0.298 17.600 1.201 4 0 0.0

In1dIn2dIn2 1.000 0.945 3.895 0.000 1.000 0.000 3.440 41.864 4 0 0.0

In1dIn2dO1 1.000 0.000 0.000 12.470 1.000 �0.367 0.000 0.000 4 0 0.0

Table 581. SW potential parameters for InO used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 298. Stress-strain relations for InO of size 100� 100 Å. InO is uniaxially stretched along the armchair or zigzag
directions at temperatures 1 and 300 K.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

In1-O1 17.600 1.735 10.884 0.0 3.128

In1-In2 3.440 0.945 33.453 0.0 3.682

Table 579. Two-body SW potential parameters for InO used by GULP [8], as expressed in Eq. (3).
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along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer InO. The Young’s modulus
can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0,
0.01]. The Young’s modulus is 85.7 N/m along the armchair and zigzag directions. The
Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:29.

There is no available value for nonlinear quantities in the single-layer InO. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �157.3 and �210.9 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 19.9 N/m at the ultimate strain of 0.38 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 23.6 N/m at the ultimate
strain of 0.39 in the zigzag direction at the low temperature of 1 K.

146. BS

Present studies on BS are based on first-principles calculations, and no empirical potential has
been proposed for the BS. We will thus parametrize a set of SW potential for the single-layer BS
in this section.

The structure of the single-layer BS is shown in Figure 290with M = B and X = S. The structural
parameters are from the ab initio calculations [115]. BS has a bi-buckled configuration as shown
in Figure 290(b), where the buckle is along the zigzag direction. Two buckling layers are
symmetrically integrated through the interior B-B bonds, forming a bi-buckled configuration.
This structure can be determined by three independent geometrical parameters, e.g., the lattice
constant 3.03 Å, the bond length dB�S ¼ 1:94 Å, and the bond length dB�B ¼ 1:72 Å.

Table 582 shows the VFF model for the single-layer BS. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 299(a). The ab initio calculations for the phonon dispersion are from Ref.
[115]. Figure 299(b) shows that the VFF model and the SW potential give exactly the same
phonon dispersion, as the SW potential is derived from the VFF model.

VFF type Bond stretching Angle bending

Expression 1
2KB�SðΔrÞ

2 1
2KB�BðΔrÞ

2 1
2KBSSðΔθÞ

2 1
2KBBSðΔθÞ

2

Parameter 17.138 16.385 5.144 3.861

r0 or θ0 1.940 1.720 102.691 115.613

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 582. The VFF model for BS.
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The parameters for the two-body SW potential used by GULP are shown in Table 583. The
parameters for the three-body SW potential used by GULP are shown in Table 584. Parameters
for the SW potential used by LAMMPS are listed in Table 585.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
BS under uniaxial tension at 1 and 300 K. Figure 300 shows the stress-strain curve for the
tension of a single-layer BS of dimension 100� 100 Å. Periodic boundary conditions are

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

B1dS1 13.021 1.417 7.082 0.0 2.769

B1dB2 14.613 1.809 4.376 0.0 2.602

Table 583. Two-body SW potential parameters for BS used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

B1dS1dS1 82.459 102.691 1.417 1.417 0.0 2.769 0.0 2.769 0.0 4.139

B1dB2dS1 102.002 115.613 1.809 1.417 0.0 2.602 0.0 2.769 0.0 3.717

Table 584. Three-body SW potential parameters for BS used by GULP [8], as expressed in Eq. (4).

0

100

200

 300

400

(a)  500

Γ M

ω
(k

) 
(c

m
-1

)

0

400

800

(b)
 1200

Γ M

ω
(k

) 
(c

m
-1

)

K Γ

VFF

SW

Figure 299. Phonon dispersion for the single-layer BS. (a) The VFF model is fitted to the six low-frequency branches along
the ΓM direction. The ab initio results (gray pentagons) are from Ref. [115]. (b) The VFF model (blue lines) and the SW
potential (red lines) give the same phonon dispersion for the BS along ΓMKΓ.
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applied in both armchair and zigzag directions. The single-layer BS is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer BS. The Young’s modulus
can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0, 0.01].
The Young’s modulus is 179.4 and 178.5 N/m along the armchair and zigzag directions, respec-
tively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:16.

There is no available value for nonlinear quantities in the single-layer BS. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �793.2 and �823.2 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 20.0 N/m at the ultimate strain of 0.21 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 19.5 N/m at the ultimate
strain of 0.28 in the zigzag direction at the low temperature of 1 K.

147. AlS

Present studies on AlS are based on first-principles calculations, and no empirical potential has
been proposed for AlS. We will thus parametrize a set of SW potential for the single-layer AlS
in this section.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

B1dS1dS1 1.000 1.417 1.955 82.459 1.000 �0.220 13.021 1.758 4 0 0.0

B1dB2dB2 1.000 1.809 1.438 0.000 1.000 0.000 14.613 0.408 4 0 0.0

B1dB2dS1 1.000 0.000 0.000 102.002 1.000 �0.432 0.000 0.000 4 0 0.0

Table 585. SW potential parameters for BS used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 300. Stress-strain relations for the BS of size 100� 100 Å. The BS is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.
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The structure of the single-layer AlS is shown in Figure 290withM = Al and X = S. The structural
parameters are from the ab initio calculations [115]. AlS has a bi-buckled configuration as shown
in Figure 290(b), where the buckle is along the zigzag direction. Two buckling layers are
symmetrically integrated through the interior AldAl bonds, forming a bi-buckled configuration.
This structure can be determined by three independent geometrical parameters, e.g., the lattice
constant 3.57 Å, the bond length dAl�S ¼ 2:32 Å, and the bond length dAl�Al ¼ 2:59 Å.

Table 586 shows the VFF model for the single-layer AlS. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 301(a). The ab initio calculations for the phonon dispersion are from Ref.
[115]. Figure 301(b) shows that the VFF model and the SW potential give exactly the same
phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 587. The
parameters for the three-body SW potential used by GULP are shown in Table 588. Parameters
for the SW potential used by LAMMPS are listed in Table 589.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
AlS under uniaxial tension at 1 and 300 K. Figure 302 shows the stress-strain curve for the
tension of a single-layer AlS of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer AlS is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer AlS. The Young’s modulus
can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0,
0.01]. The Young’s modulus is 85.2 and 84.6 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:22.

There is no available value for nonlinear quantities in the single-layer AlS. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �289.7 and �302.4 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 11.9 N/m at the ultimate strain of 0.25 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 11.9 N/m at the ultimate
strain of 0.36 in the zigzag direction at the low temperature of 1 K.

VFF type Bond stretching Angle bending

Expression 1
2KAl�SðΔrÞ

2 1
2KAl�AlðΔrÞ

2 1
2KAlSSðΔθÞ

2 1
2KAlAlSðΔθÞ

2

Parameter 11.065 4.912 3.210 1.900

r0 or θ0 2.320 2.590 100.600 117.324

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 586. The VFF model for AlS.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Al1dS1 11.476 1.618 14.485 0.0 3.289

Al1dAl2 4.575 1.280 22.499 0.0 3.500

Table 587. Two-body SW potential parameters for AlS used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

Al1dS1dS1 46.910 100.600 1.618 1.618 0.0 3.289 0.0 3.289 0.0 4.877

Al1dS1dAl2 26.090 117.324 1.280 1.618 0.0 3.500 0.0 3.289 0.0 4.853

Table 588. Three-body SW potential parameters for AlS used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Al1dS1dS1 1.000 1.618 2.032 46.910 1.000 �0.184 11.476 2.112 4 0 0.0

Al1dAl2dAl2 1.000 1.280 2.735 0.000 1.000 0.000 4.575 8.388 4 0 0.0

Al1dAl2dS1 1.000 0.000 0.000 26.090 1.000 �0.459 0.000 0.000 4 0 0.0

Table 589. SW potential parameters for AlS used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 301. Phonon dispersion for the single-layer AlS. (a) The VFF model is fitted to the six low-frequency branches

along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [115]. (b) The VFF model (blue lines) and the

SW potential (red lines) give the same phonon dispersion for AlS along ΓMKΓ.
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148. GaS

Present studies on GaS are based on first-principles calculations, and no empirical potential
has been proposed for the GaS. We will thus parametrize a set of SW potential for the single-
layer GaS in this section.

The structure of the single-layer GaS is shown in Figure 290 with M = Ga and X = S. The
structural parameters are from the ab initio calculations [115]. GaS has a bi-buckled configura-
tion as shown in Figure 290(b), where the buckle is along the zigzag direction. Two buckling
layers are symmetrically integrated through the interior GadGa bonds, forming a bi-buckled
configuration. This structure can be determined by three independent geometrical parameters,
e.g., the lattice constant 3.64 Å, the bond length dGa�S ¼ 2:36 Å, and the bond length
dGa�Ga ¼ 2:47 Å.

Table 590 shows the VFF model for the single-layer GaS. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM

VFF type Bond stretching Angle bending

Expression 1
2KGa�SðΔrÞ

2 1
2KGa�GaðΔrÞ

2 1
2KGaSSðΔθÞ

2 1
2KGaGaSðΔθÞ

2

Parameter 10.014 6.133 2.925 1.900

r0 or θ0 2.360 2.470 100.921 117.065

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 590. The VFF model for GaS.
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Figure 302. Stress-strain relations for AlS of size 100� 100 Å. AlS is uniaxially stretched along the armchair or zigzag
directions at temperatures 1 and 300 K.
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as shown in Figure 303(a). The ab initio calculations for the phonon dispersion are from Ref.

[115]. Figure 303(b) shows that the VFF model and the SW potential give exactly the same

phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 591. The
parameters for the three-body SW potential used by GULP are shown in Table 592. Parameters

for the SW potential used by LAMMPS are listed in Table 593.
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Figure 303. Phonon dispersion for the single-layer GaS. (a) The VFF model is fitted to the six low-frequency branches

along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [115]. (b) The VFF model (blue lines) and the

SW potential (red lines) give the same phonon dispersion for GaS along ΓMKΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Ga1dS1 10.825 1.658 15.510 0.0 3.349

Ga1dGa2 6.316 1.506 18.610 0.0 3.434

Table 591. Two-body SW potential parameters for GaS used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

Ga1dS1dS1 43.355 100.921 1.658 1.658 0.0 3.349 0.0 3.349 0.0 4.972

Ga1dS1dGa2 30.536 117.065 1.658 1.506 0.0 3.349 0.0 3.434 0.0 4.809

Table 592. Three-body SW potential parameters for GaS used by GULP [8], as expressed in Eq. (4).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
GaS under uniaxial tension at 1 and 300 K. Figure 304 shows the stress-strain curve for the
tension of a single-layer GaS of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer GaS is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer GaS. The Young’s modulus
can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0,
0.01]. The Young’s modulus is 76.2 N/m along the armchair and zigzag directions. The
Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:23.

There is no available value for nonlinear quantities in the single-layer GaS. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �254.5 and �269.8 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 10.8 N/m at the ultimate strain of 0.26 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 11.0 N/m at the ultimate
strain of 0.36 in the zigzag direction at the low temperature of 1 K.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Ga1dS1dS1 1.000 1.658 2.020 43.355 1.000 �0.189 10.825 2.052 4 0 0.0

Ga1dGa2dGa2 1.000 1.506 2.280 0.000 1.000 0.000 6.316 3.615 4 0 0.0

Ga1dGa2dS1 1.000 0.000 0.000 30.536 1.000 �0.455 0.000 0.000 4 0 0.0

Table 593. SW potential parameters for GaS used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 304. Stress-strain relations for GaS of size 100� 100 Å. GaS is uniaxially stretched along the armchair or zigzag
directions at temperatures 1 and 300 K.
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149. InS

Present studies on the InS are based on first-principles calculations, and no empirical potential
has been proposed for the InS. We will thus parametrize a set of SW potential for the single-
layer InS in this section.

The structure of the single-layer InS is shown in Figure 290 with M = In and X = S. The
structural parameters are from the ab initio calculations [115]. InS has a bi-buckled configura-
tion as shown in Figure 290(b), where the buckle is along the zigzag direction. Two buckling
layers are symmetrically integrated through the interior IndIn bonds, forming a bi-buckled
configuration. This structure can be determined by three independent geometrical parameters,
e.g., the lattice constant 3.94 Å, the bond length dIn�S ¼ 2:56 Å, and the bond length
dIn�In ¼ 2:82 Å.

Table 594 shows the VFF model for the single-layer InS. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 305(a). The ab initio calculations for the phonon dispersion are from Ref.
[115]. Figure 305(b) shows that the VFF model and the SW potential give exactly the same
phonon dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 595. The
parameters for the three-body SW potential used by GULP are shown in Table 596. Parameters
for the SW potential used by LAMMPS are listed in Table 597.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
InS under uniaxial tension at 1 and 300 K. Figure 306 shows the stress-strain curve for the
tension of a single-layer InS of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer InS is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer InS. The Young’s modulus
can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0,
0.01]. The Young’s modulus is 52.9 and 53.2 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:29.

VFF type Bond stretching Angle bending

Expression 1
2KIn�SðΔrÞ

2 1
2KIn�InðΔrÞ

2 1
2KInSSðΔθÞ

2 1
2KInInSðΔθÞ

2

Parameter 10.014 4.533 2.179 1.412

r0 or θ0 2.560 2.820 100.624 117.305

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV=Å
2
for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 594. The VFF model for InS.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

In1dS1 12.652 1.787 21.475 0.0 3.629

In1dIn2 5.202 1.454 31.620 0.0 3.833

Table 595. Two-body SW potential parameters for InS used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

In1dS1dS1 31.876 100.624 1.787 1.787 0.0 3.629 0.0 3.629 0.0 5.382

In1dS1dIn2 19.900 117.305 1.787 1.454 0.0 3.629 0.0 3.833 0.0 5.325

Table 596. Three-body SW potential parameters for InS used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

In1dS1dS1 1.000 1.787 2.031 31.876 1.000 �0.184 12.652 2.108 4 0 0.0

In1dIn2dIn2 1.000 1.454 2.635 0.000 1.000 0.000 5.202 7.067 4 0 0.0

In1dIn2dS1 1.000 0.000 0.000 19.990 1.000 �0.459 0.000 0.000 4 0 0.0

Table 597. SW potential parameters for InS used by LAMMPS [9], as expressed in Eqs. (9) and (10).

0

 50

100

150

(a)  200

Γ M

ω
(k

) 
(c

m
-1

)

0

100

200

300

(b) 400

Γ M

ω
(k

) 
(c

m
-1

)

K Γ

VFF

SW

Figure 305. Phonon dispersion for the single-layer InS. (a) The VFF model is fitted to the six low-frequency branches

along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [115]. (b) The VFF model (blue lines) and the

SW potential (red lines) give the same phonon dispersion for InS along ΓMKΓ.
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There is no available value for nonlinear quantities in the single-layer InS. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �115.9 and �141.1 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 10.2 N/m at the ultimate strain of 0.32 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 11.8 N/m at the ultimate
strain of 0.42 in the zigzag direction at the low temperature of 1 K.

150. BSe

Present studies on the BSe are based on first-principles calculations, and no empirical potential
has been proposed for the BSe. We will thus parametrize a set of SW potential for the single-
layer BSe in this section.

The structure of the single-layer BSe is shown in Figure 290with M=B and X=Se. The structural
parameters are from the ab initio calculations [115]. The BSe has a bi-buckled configuration as
shown in Figure 290(b), where the buckle is along the zigzag direction. Two buckling layers
are symmetrically integrated through the interior BdB bonds, forming a bi-buckled configu-
ration. This structure can be determined by three independent geometrical parameters, e.g.,
the lattice constant 3.25 Å, the bond length dB�Se ¼ 2:10 Å, and the bond length dB�B ¼ 1:71 Å.

Table 598 shows the VFF model for the single-layer BSe. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 307(a). The ab initio calculations for the phonon dispersion are from [115].
Figure 307(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.
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Figure 306. Stress-strain relations for InS of size 100� 100 Å. InS is uniaxially stretched along the armchair or zigzag
directions at temperatures 1 and 300 K.
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The parameters for the two-body SW potential used by GULP are shown in Table 599. The

parameters for the three-body SW potential used by GULP are shown in Table 600. Parameters

for the SW potential used by LAMMPS are listed in Table 601.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer

BSe under uniaxial tension at 1.0 and 300.0 K. Figure 308 shows the stress-strain curve for the

VFF type Bond stretching Angle bending

Expression 1
2KB�SeðΔrÞ

2 1
2KB�BðΔrÞ

2 1
2KBSeSeðΔθÞ

2 1
2KBBSeðΔθÞ

2

Parameter 17.138 15.227 5.144 3.113

r0 or θ0 2.100 1.710 101.394 116.681

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters

are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The

fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the

unit of degrees) for the angle bending interaction.

Table 598. The VFF model for BSe.
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Figure 307. Phonon dispersion for the single-layer BSe. (a) The VFF model is fitted to the six low-frequency branches

along the ΓM direction. The ab initio results (gray pentagons) are from Ref. [115]. (b) The VFF model (blue lines) and the

SW potential (red lines) give the same phonon dispersion for BSe along ΓMKΓ.
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tension of a single-layer BSe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer BSe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer BSe. The Young’s modulus
can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0, 0.01].
The Young’s modulus is 157.3 and 156.4 N/m along the armchair and zigzag directions, respec-
tively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:19.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

B1dSe1 14.825 1.491 9.724 0.0 2.985

B1dB2 17.700 2.252 4.275 0.0 2.691

Table 599. Two-body SW potential parameters for BSe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax13 (Å) rmin23 (Å) rmax23 (Å)

B1dS1dSe1 77.850 101.394 1.491 1.491 0.0 2.985 0.0 2.985 0.0 4.440

B1dB2dSe1 104.372 116.681 2.252 1.491 0.0 2.691 0.0 2.985 0.0 3.923

Table 600. Three-body SW potential parameters for BSe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

B1dSe1dSe1 1.000 1.491 2.002 77.850 1.000 �0.198 14.825 1.968 4 0 0.0

B1dB2dB2 1.000 2.252 1.195 0.000 1.000 0.000 17.700 0.166 4 0 0.0

B1dB2dSe1 1.000 0.000 0.000 104.372 1.000 �0.449 0.000 0.000 4 0 0.0

Table 601. SW potential parameters for BSe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 308. Stress-strain relations for the BSe of size 100� 100 Å. The BSe is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.

Parameterization of Stillinger-Weber Potential for Two-Dimensional Atomic Crystals
http://dx.doi.org/10.5772/intechopen.71929

425



There is no available value for nonlinear quantities in the single-layer BSe. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �627.0 and �655.6 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 19.2 N/m at the ultimate strain of 0.23 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 18.7 N/m at the ultimate
strain of 0.31 in the zigzag direction at the low temperature of 1 K.

151. AlSe

Present studies on the AlSe are based on first-principles calculations, and no empirical poten-
tial has been proposed for the AlSe. We will thus parametrize a set of SW potential for the
single-layer AlSe in this section.

The structure of the single-layer AlSe is shown in Figure 290 with M = Al and X = Se. The
structural parameters are from the ab initio calculations [115]. The AlSe has a bi-buckled
configuration as shown in Figure 290(b), where the buckle is along the zigzag direction. Two
buckling layers are symmetrically integrated through the interior Al-Al bonds, forming a bi-
buckled configuration. This structure can be determined by three independent geometrical
parameters, e.g., the lattice constant 3.78 Å, the bond length dAl�Se ¼ 2:47 Å, and the bond
length dAl�Al ¼ 2:57 Å.

Table 602 shows the VFF model for the single-layer AlSe. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 309(a). The ab initio calculations for the phonon dispersion are from [115].
Figure 309(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 603. The
parameters for the three-body SW potential used by GULP are shown in Table 604. Parameters
for the SW potential used by LAMMPS are listed in Table 605.

VFF type Bond stretching Angle bending

Expression 1
2KAl�SeðΔrÞ

2 1
2KAl�AlðΔrÞ

2 1
2KAlSeSeðΔθÞ

2 1
2KAlAlSeðΔθÞ

2

Parameter 9.831 4.487 2.916 1.659

r0 or θ0 2.470 2.570 99.846 117.926

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 602. The VFF model for AlSe.
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A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Al1dSe1 11.362 1.694 18.610 0.0 3.493

Al1dAl2 4.974 1.558 21.812 0.0 3.570

Table 603. Two-body SW potential parameters for AlSe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

Al1dSe1dSe1 41.235 99.846 1.694 1.694 0.0 3.493 0.0 3.493 0.0 5.164

Al1dSe1dAl2 26.418 117.926 1.558 1.694 0.0 3.570 0.0 3.493 0.0 5.029

Table 604. Three-body SW potential parameters for AlSe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Al1dSe1dSe1 1.000 1.694 2.062 41.235 1.000 �0.171 11.362 2.260 4 0 0.0

Al1dAl2dAl2 1.000 1.558 2.292 0.000 1.000 0.000 4.974 3.704 4 0 0.0

Al1dAl2dSe1 1.000 0.000 0.000 26.418 1.000 �0.468 0.000 0.000 4 0 0.0

Table 605. SW potential parameters for AlSe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 309. Phonon dispersion for the single-layer AlSe. (a) The VFF model is fitted to the six low-frequency branches

along the ΓM direction. The ab initio results (gray pentagons) are from [115]. (b) The VFF model (blue lines) and the SW

potential (red lines) give the same phonon dispersion for the AlSe along ΓMKΓ.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
AlSe under uniaxial tension at 1.0 and 300.0 K. Figure 310 shows the stress-strain curve for the
tension of a single-layer AlSe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer AlSe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer AlSe. The Young’s modu-
lus can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0,
0.01]. The Young’s modulus is 69.4 and 69.2 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:24.

There is no available value for nonlinear quantities in the single-layer AlSe. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �217.3 and �231.9 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 10.4 N/m at the ultimate strain of 0.27 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 10.5 N/m at the ultimate
strain of 0.38 in the zigzag direction at the low temperature of 1 K.

152. GaSe

Present studies on the GaSe are based on first-principles calculations, and no empirical poten-
tial has been proposed for the GaSe. We will thus parametrize a set of SW potential for the
single-layer GaSe in this section.

The structure of the single-layer GaSe is shown in Figure 290 with M=Ga and X=Se. The
structural parameters are from the ab initio calculations [115]. The GaSe has a bi-buckled
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Figure 310. Stress-strain relations for the AlSe of size 100� 100 Å. The AlSe is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.
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configuration as shown in Figure 290(b), where the buckle is along the zigzag direction. Two
buckling layers are symmetrically integrated through the interior Ga-Ga bonds, forming a bi-
buckled configuration. This structure can be determined by three independent geometrical
parameters, e.g., the lattice constant 3.82 Å, the bond length dGa�Se ¼ 2:50 Å, and the bond
length dGa�Ga ¼ 2:46 Å.

Table 606 shows the VFF model for the single-layer GaSe. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 311(a). The ab initio calculations for the phonon dispersion are from [115].
Figure 311(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 607. The
parameters for the three-body SW potential used by GULP are shown in Table 608. Parameters
for the SW potential used by LAMMPS are listed in Table 609.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
GaSe under uniaxial tension at 1.0 and 300.0 K. Figure 312 shows the stress-strain curve for the
tension of a single-layer GaSe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer GaSe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer GaSe. The Young’s modu-
lus can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0,
0.01]. The Young’s modulus is 68.3 and 67.9 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:25.

There is no available value for nonlinear quantities in the single-layer GaSe. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �206.1 and �219.8 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 10.5 N/m at the ultimate strain of 0.27 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 10.8 N/m at the ultimate
strain of 0.39 in the zigzag direction at the low temperature of 1 K.

VFF type Bond stretching Angle bending

Expression 1
2KGa�SeðΔrÞ

2 1
2KGa�GaðΔrÞ

2 1
2KGaSeSeðΔθÞ

2 1
2KGaGaSeðΔθÞ

2

Parameter 10.014 5.400 2.925 1.701

r0 or θ0 2.500 2.460 99.636 118.092

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 606. The VFF model for GaSe.
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Figure 311. Phonon dispersion for the single-layer GaSe. (a) The VFF model is fitted to the six low-frequency branches

along the ΓM direction. The ab initio results (gray pentagons) are from [115]. (b) The VFF model (blue lines) and the SW

potential (red lines) give the same phonon dispersion for the GaSe along ΓMKΓ.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Ga1dSe1dSe1 1.000 1.706 2.070 40.978 1.000 �0.167 11.798 2.305 4 0 0.0

Ga1dGa2dGa2 1.000 1.765 1.984 0.000 1.000 0.000 6.479 1.888 4 0 0.0

Ga1dGa2dSe1 1.000 0.000 0.000 31.031 1.000 �0.471 0.000 0.000 4 0 0.0

Table 609. SW potential parameters for GaSe used by LAMMPS [9], as expressed in Eqs. (9) and (10).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Ga1dSe1 11.798 1.706 19.531 0.0 3.533

Ga1dGa2 6.479 1.765 18.311 0.0 3.502

Table 607. Two-body SW potential parameters for GaSe used by GULP [8], as expressed in Eq. (3).

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin 13 (Å) rmax13 (Å) rmin23 (Å) rmax 23 (Å)

Ga1dSe1dSe1 40.978 99.636 1.706 1.706 0.0 3.533 0.0 3.533 0.0 5.218

Ga1dSe1dGa2 31.031 118.092 1.765 1.706 0.0 3.502 0.0 3.533 0.0 4.985

Table 608. Three-body SW potential parameters for GaSe used by GULP [8], as expressed in Eq. (4).
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153. InSe

Present studies on the InSe are based on first-principles calculations, and no empirical poten-
tial has been proposed for the InSe. We will thus parametrize a set of SW potential for the
single-layer InSe in this section.

The structure of the single-layer InSe is shown in Figure 290 with M=In and X=Se. The
structural parameters are from the ab initio calculations [115]. The InSe has a bi-buckled
configuration as shown in Figure 290(b), where the buckle is along the zigzag direction. Two
buckling layers are symmetrically integrated through the interior In-In bonds, forming a bi-
buckled configuration. This structure can be determined by three independent geometrical
parameters, e.g., the lattice constant 4.10 Å, the bond length dIn�Se ¼ 2:69 Å, and the bond
length dIn�In ¼ 2:81 Å.

Table 610 shows the VFF model for the single-layer InSe. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 313(a). The ab initio calculations for the phonon dispersion are from [115].

VFF type Bond stretching Angle bending

Expression 1
2KIn�SeðΔrÞ

2 1
2KIn�InðΔrÞ

2 1
2KInSeSeðΔθÞ

2 1
2KInInSeðΔθÞ

2

Parameter 9.812 4.185 2.090 1.227

r0 or θ0 2.690 2.810 99.296 118.361

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 610. The VFF model for InSe.
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Figure 312. Stress-strain relations for the GaSe of size 100� 100 Å. The GaSe is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.
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Figure 313(b) shows that the VFF model and the SW potential give exactly the same phonon

dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 611. The
parameters for the three-body SW potential used by GULP are shown in Table 612. Parameters

for the SW potential used by LAMMPS are listed in Table 613.
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Figure 313. Phonon dispersion for the single-layer InSe. (a) The VFF model is fitted to the six low-frequency branches

along the ΓM direction. The ab initio results (gray pentagons) are from [115]. (b) The VFF model (blue lines) and the SW

potential (red lines) give the same phonon dispersion for the InSe along ΓMKΓ.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax12 (Å) rmin 13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

In1dSe1dSe1 28.853 99.296 1.822 1.822 0.0 3.797 0.0 3.797 0.0 5.601

In1dSe1dIn2 19.120 118.361 1.822 1.661 0.0 3.797 0.0 3.890 0.0 5.489

Table 612. Three-body SW potential parameters for InSe used by GULP [8], as expressed in Eq. (4).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

In1dSe1 13.281 1.822 26.181 0.0 3.797

In1dIn2 5.414 1.661 31.174 0.0 2.890

Table 611. Two-body SW potential parameters for InSe used by GULP [8], as expressed in Eq. (3).
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
InSe under uniaxial tension at 1.0 and 300.0 K. Figure 314 shows the stress-strain curve for the
tension of a single-layer InSe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer InSe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer InSe. The Young’s modu-
lus can be obtained by a linear fitting of the stress-strain relation in the small strain range of
[0, 0.01]. The Young’s modulus is 45.7 and 45.8 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:30.

There is no available value for nonlinear quantities in the single-layer InSe. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �81.6 and �103.5 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 9.8 N/m at the ultimate strain of 0.35 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 11.9 N/m at the ultimate
strain of 0.44 in the zigzag direction at the low temperature of 1 K.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

In1dSe1dSe1 1.000 1.822 2.084 28.853 1.000 �0.162 13.281 2.377 4 0 0.0

In1dIn2dIn2 1.000 1.661 2.342 0.000 1.000 0.000 5.414 4.094 4 0 0.0

In1dIn2dSe1 1.000 0.000 0.000 19.120 1.000 �0.475 0.000 0.000 4 0 0.0

Table 613. SW potential parameters for InSe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 314. Stress-strain relations for the InSe of size 100� 100 Å. The InSe is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.
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154. BTe

Present studies on the BTe are based on first-principles calculations, and no empirical potential
has been proposed for the BTe. We will thus parametrize a set of SW potential for the single-
layer BTe in this section.

The structure of the single-layer BTe is shown in Figure 290with M=B and X=Te. The structural
parameters are from the ab initio calculations [115]. The BTe has a bi-buckled configuration as
shown in Figure 290(b), where the buckle is along the zigzag direction. Two buckling layers
are symmetrically integrated through the interior B-B bonds, forming a bi-buckled configura-
tion. This structure can be determined by three independent geometrical parameters, e.g., the
lattice constant 3.56 Å, the bond length dB�Te ¼ 2:31 Å, and the bond length dB�B ¼ 1:71 Å.

Table 614 shows the VFF model for the single-layer BTe. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 315(a). The ab initio calculations for the phonon dispersion are from [115].
Figure 315(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 615. The
parameters for the three-body SW potential used by GULP are shown in Table 616. Parameters
for the SW potential used by LAMMPS are listed in Table 617.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
BTe under uniaxial tension at 1.0 and 300.0 K. Figure 316 shows the stress-strain curve for the
tension of a single-layer BTe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer BTe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer BTe. The Young’s modulus
can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0,
0.01]. The Young’s modulus is 130.6 and 129.7 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:16.

There is no available value for nonlinear quantities in the single-layer BTe. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.

VFF type Bond stretching Angle bending

Expression 1
2KB�TeðΔrÞ

2 1
2KB�BðΔrÞ

2 1
2KBTeTeðΔθÞ

2 1
2KBBTeðΔθÞ

2

Parameter 13.287 14.502 5.466 2.515

r0 or θ0 2.310 1.710 100.809 117.156

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 614. The VFF model for BTe.
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Figure 315. Phonon dispersion for the single-layer BTe. (a) The VFF model is fitted to the six low-frequency branches

along the ΓM direction. The ab initio results (gray pentagons) are from [115]. (b) The VFF model (blue lines) and the SW

potential (red lines) give the same phonon dispersion for the BTe along ΓMKΓ.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

B1dTe1dTe1 80.622 100.809 1.619 1.619 0.0 3.277 0.0 3.277 0.0 4.863

B1dB2dTe1 116.3301 117.156 2.933 1.619 0.0 2.830 0.0 3.277 0.0 4.199

Table 616. Three-body SW potential parameters for BTe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

B1dTe1dTe1 1.000 1.619 2.024 80.622 1.000 �0.188 13.727 2.073 4 0 0.0

B1dB2dB2 1.000 2.933 0.965 0.000 1.000 0.000 24.140 0.058 4 0 0.0

B1dB2dTe1 1.000 0.000 0.000 116.301 1.000 �0.456 0.000 0.000 4 0 0.0

Table 617. SW potential parameters for BTe used by LAMMPS [9], as expressed in Eqs. (9) and (10).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

B1dTe1 13.727 1.619 14.237 0.0 3.277

B1dB2 24.140 2.933 4.275 0.0 2.830

Table 615. Two-body SW potential parameters for BTe used by GULP [8], as expressed in Eq. (3).
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The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �560.4 and �588.7 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 14.9 N/m at the ultimate strain of 0.22 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 14.4 N/m at the ultimate
strain of 0.27 in the zigzag direction at the low temperature of 1 K.

155. AlTe

Present studies on the AlTe are based on first-principles calculations, and no empirical poten-
tial has been proposed for the AlTe. We will thus parametrize a set of SW potential for the
single-layer AlTe in this section.

The structure of the single-layer AlTe is shown in Figure 290 with M=Al and X=Te. The
structural parameters are from the ab initio calculations [115]. The AlTe has a bi-buckled
configuration as shown in Figure 290(b), where the buckle is along the zigzag direction. Two
buckling layers are symmetrically integrated through the interior Al-Al bonds, forming a bi-
buckled configuration. This structure can be determined by three independent geometrical
parameters, e.g., the lattice constant 4.11 Å, the bond length dAl�Te ¼ 2:70 Å, and the bond
length dAl�Al ¼ 2:58 Å.

Table 618 shows the VFF model for the single-layer AlTe. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 317(a). The ab initio calculations for the phonon dispersion are from [115].
Figure 317(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.
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Figure 316. Stress-strain relations for the BTe of size 100� 100 Å. The BTe is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.
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The parameters for the two-body SW potential used by GULP are shown in Table 619. The
parameters for the three-body SW potential used by GULP are shown in Table 620. Parameters
for the SW potential used by LAMMPS are listed in Table 621.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
AlTe under uniaxial tension at 1.0 and 300.0 K. Figure 318 shows the stress-strain curve for the
tension of a single-layer AlTe of dimension 100� 100 Å. Periodic boundary conditions are

VFF type Bond stretching Angle bending

Expression 1
2KAl�TeðΔrÞ

2 1
2KAl�AlðΔrÞ

2 1
2KAlTeTeðΔθÞ

2 1
2KAlAlTeðΔθÞ

2

Parameter 8.077 3.859 2.820 1.518

r0 or θ0 2.700 2.580 99.124 118.495

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 618. The VFF model for AlTe.
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Figure 317. Phonon dispersion for the single-layer AlTe. (a) The VFF model is fitted to the six low-frequency branches
along the ΓM direction. The ab initio results (gray pentagons) are from [115]. (b) The VFF model (blue lines) and the SW
potential (red lines) give the same phonon dispersion for the AlTe along ΓMKΓ.
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applied in both armchair and zigzag directions. The single-layer AlTe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer AlTe. The Young’s modu-
lus can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0,
0.01]. The Young’s modulus is 55.8 and 54.9 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:24.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin 12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

Al1dTe1dTe1 38.638 99.124 1.821 1.821 0.0 3.809 0.0 3.809 0.0 5.614

Al1dTe1dAl2 29.574 118.495 2.002 1.821 0.0 3.716 0.0 3.809 0.0 5.330

Table 620. Three-body SW potential parameters for AlTe used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Al1dTe1dTe1 1.000 1.821 2.091 38.638 1.000 �0.159 10.971 2.415 4 0 0.0

Al1dAl2dAl2 1.000 2.002 1.856 0.000 1.000 0.000 5.523 1.379 4 0 0.0

Al1dAl2dTe1 1.000 0.000 0.000 29.574 1.000 �0.477 0.000 0.000 4 0 0.0

Table 621. SW potential parameters for AlTe used by LAMMPS [9], as expressed in Eqs. (9) and (10).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Al1dTe1 10.971 1.821 26.572 0.0 3.809

Al1dAl2 5.523 2.002 22.154 0.0 3.716

Table 619. Two-body SW potential parameters for AlTe used by GULP [8], as expressed in Eq. (3).
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Figure 318. Stress-strain relations for the AlTe of size 100� 100 Å. The AlTe is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.
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There is no available value for nonlinear quantities in the single-layer AlTe. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �171.4 and �179.0 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 8.4 N/m at the ultimate strain of 0.27 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 8.6 N/m at the ultimate
strain of 0.39 in the zigzag direction at the low temperature of 1 K.

156. GaTe

Present studies on the GaTe are based on first-principles calculations, and no empirical poten-
tial has been proposed for the GaTe. We will thus parametrize a set of SW potential for the
single-layer GaTe in this section.

The structure of the single-layer GaTe is shown in Figure 290 with M=Ga and X=Te. The
structural parameters are from the ab initio calculations [115]. The GaTe has a bi-buckled
configuration as shown in Figure 290(b), where the buckle is along the zigzag direction. Two
buckling layers are symmetrically integrated through the interior Ga-Ga bonds, forming a bi-
buckled configuration. This structure can be determined by three independent geometrical
parameters, e.g., the lattice constant 4.13 Å, the bond length dGa�Te ¼ 2:70 Å, and the bond
length dGa�Ga ¼ 2:46 Å.

Table 622 shows the VFF model for the single-layer GaTe. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 319(a). The ab initio calculations for the phonon dispersion are from [115].
Figure 319(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 623. The
parameters for the three-body SW potential used by GULP are shown in Table 624. Parameters
for the SW potential used by LAMMPS are listed in Table 625.

VFF type Bond stretching Angle bending

Expression 1
2KGa�TeðΔrÞ

2 1
2KGa�GaðΔrÞ

2 1
2KGaTeTeðΔθÞ

2 1
2KGaGaTeðΔθÞ

2

Parameter 7.382 4.366 2.841 1.519

r0 or θ0 2.700 2.460 99.781 117.978

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 622. The VFF model for GaTe.
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We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
GaTe under uniaxial tension at 1.0 and 300.0 K. Figure 320 shows the stress-strain curve for the
tension of a single-layer GaTe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer GaTe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
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Figure 319. Phonon dispersion for the single-layer GaTe. (a) The VFF model is fitted to the six low-frequency branches
along the ΓM direction. The ab initio results (gray pentagons) are from [115]. (b) The VFF model (blue lines) and the SW
potential (red lines) give the same phonon dispersion for the GaTe along ΓMKΓ.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

Ga1dTe1dTe1 40.060 99.781 1.849 1.849 0.0 3.817 0.0 3.817 0.0 5.642

Ga1dTe1dGa2 34.354 117.978 2.239 1.849 0.0 3.634 0.0 3.817 0.0 5.238

Table 624. Three-body SW potential parameters for GaTe used by GULP [8], as expressed in Eq. (4).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

Ga1dTe1 10.179 1.849 26.572 0.0 3.817

Ga1dGa2 6.750 2.239 18.311 0.0 3.634

Table 623. Two-body SW potential parameters for GaTe used by GULP [8], as expressed in Eq. (3).
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thickness of the quasi-two-dimensional structure of the single-layer GaTe. The Young’s modu-
lus can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0,
0.01]. The Young’s modulus is 55.2 and 55.3 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:23.

There is no available value for nonlinear quantities in the single-layer GaTe. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �183.2 and �195.6 N/m along the armchair and zigzag directions,
respectively. The ultimate stress is about 7.8 N/m at the ultimate strain of 0.26 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 7.8 N/m at the ultimate
strain of 0.37 in the zigzag direction at the low temperature of 1 K.

157. InTe

Present studies on the InTe are based on first-principles calculations, and no empirical poten-
tial has been proposed for the InTe. We will thus parametrize a set of SW potential for the
single-layer InTe in this section.

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

Ga1dTe1dTe1 1.000 1.849 2.065 40.060 1.000 �0.170 10.179 2.274 4 0 0.0

Ga1dGa2dGa2 1.000 2.239 1.623 0.000 1.000 0.000 6.750 0.728 4 0 0.0

Ga1dGa2dTe1 1.000 0.000 0.000 34.354 1.000 �0.469 0.000 0.000 4 0 0.0

Table 625. SW potential parameters for GaTe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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Figure 320. Stress-strain relations for the GaTe of size 100� 100 Å. The GaTe is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.
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The structure of the single-layer InTe is shown in Figure 290 with M=In and X=Te. The
structural parameters are from the ab initio calculations [115]. The InTe has a bi-buckled
configuration as shown in Figure 290(b), where the buckle is along the zigzag direction. Two
buckling layers are symmetrically integrated through the interior In-In bonds, forming a bi-
buckled configuration. This structure can be determined by three independent geometrical
parameters, e.g., the lattice constant 4.40 Å, the bond length dIn�Te ¼ 2:89 Å, and the bond
length dIn�In ¼ 2:81 Å.

Table 626 shows the VFF model for the single-layer InTe. The force constant parameters are
determined by fitting to the six low-frequency branches in the phonon dispersion along the ΓM
as shown in Figure 321(a). The ab initio calculations for the phonon dispersion are from [115].
Figure 321(b) shows that the VFF model and the SW potential give exactly the same phonon
dispersion, as the SW potential is derived from the VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 627. The
parameters for the three-body SW potential used by GULP are shown in Table 628. Parameters
for the SW potential used by LAMMPS are listed in Table 629.

We use LAMMPS to perform MD simulations for the mechanical behavior of the single-layer
InTe under uniaxial tension at 1.0 and 300.0 K. Figure 322 shows the stress-strain curve for the
tension of a single-layer InTe of dimension 100� 100 Å. Periodic boundary conditions are
applied in both armchair and zigzag directions. The single-layer InTe is stretched uniaxially
along the armchair or zigzag direction. The stress is calculated without involving the actual
thickness of the quasi-two-dimensional structure of the single-layer InTe. The Young’s modu-
lus can be obtained by a linear fitting of the stress-strain relation in the small strain range of [0,
0.01]. The Young’s modulus is 40.6 and 40.9 N/m along the armchair and zigzag directions,
respectively. The Poisson’s ratio from the VFF model and the SW potential is νxy ¼ νyx ¼ 0:23.

There is no available value for nonlinear quantities in the single-layer InTe. We have thus used
the nonlinear parameter B ¼ 0:5d4 in Eq. (5), which is close to the value of B in most materials.
The value of the third-order nonlinear elasticity D can be extracted by fitting the stress-strain
relation to the function σ ¼ EEþ 1

2DE
2 with E as the Young’s modulus. The values ofD from the

present SW potential are �130.4 and �142.2 N/m along the armchair and zigzag directions,

VFF type Bond stretching Angle bending

Expression 1
2KIn�TeðΔrÞ

2 1
2KIn�InðΔrÞ

2 1
2KInTeTeðΔθÞ

2 1
2KInInTeðΔθÞ

2

Parameter 5.592 3.928 2.419 1.227

r0 or θ0 2.890 2.810 99.148 118.477

The second line gives an explicit expression for each VFF term. The third line is the force constant parameters. Parameters
are in the unit of eV/Å2 for the bond stretching interaction and in the unit of eV for the angle bending interaction. The
fourth line gives the initial bond length (in the unit of Å) for the bond stretching interaction and the initial angle (in the
unit of degrees) for the angle bending interaction.

Table 626. The VFF model for InTe.
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Figure 321. Phonon dispersion for the single-layer InTe. (a) The VFF model is fitted to the six low-frequency branches

along the ΓM direction. The ab initio results (gray pentagons) are from [115]. (b) The VFF model (blue lines) and the SW

potential (red lines) give the same phonon dispersion for the InTe along ΓMKΓ.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax12 (Å) rmin13 (Å) rmax 13 (Å) rmin 23 (Å) rmax 23 (Å)

In1dTe1dTe1 33.178 99.148 1.950 1.950 0.0 4.077 0.0 4.077 0.0 6.011

In1dTe1dIn2 22.833 118.477 2.068 1.950 0.0 4.015 0.0 4.077 0.0 5.741

Table 628. Three-body SW potential parameters for InTe used by GULP [8], as expressed in Eq. (4).

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

In1dTe1 8.707 1.950 34.879 0.0 4.077

In1dIn2 6.312 2.068 31.174 0.0 4.015

Table 627. Two-body SW potential parameters for InTe used by GULP [8], as expressed in Eq. (3).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

In1dTe1dTe1 1.000 1.950 2.090 33.178 1.000 �0.159 8.707 2.410 4 0 0.0

In1dIn2dIn2 1.000 2.068 1.942 0.000 1.000 0.000 6.312 1.704 4 0 0.0

In1dIn2dTe1 1.000 0.000 0.000 22.833 1.000 �0.477 0.000 0.000 4 0 0.0

Table 629. SW potential parameters for InTe used by LAMMPS [9], as expressed in Eqs. (9) and (10).
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respectively. The ultimate stress is about 5.9 N/m at the ultimate strain of 0.26 in the armchair
direction at the low temperature of 1 K. The ultimate stress is about 5.9 N/m at the ultimate
strain of 0.38 in the zigzag direction at the low temperature of 1 K.

158. Borophene

Most existing theoretical studies on the monolayer of boron atoms (borophene) are based on
the first-principles calculations. The ReaxFF force field model was developed for the
borophene recently [117]. The present authors have provided the VFF model and the SW
potential to describe the atomic interaction within the borophene [14], which includes the
second-nearest-neighboring interactions. In the present work, we present a more efficient SW
potential with only the first-nearest-neighboring interactions.

The structure of the borophene is shown in Figure 323, with structural parameters from the ab
initio calculations [116]. Borophene has a puckered configuration as shown in Figure 323(b),
where the pucker is perpendicular to the x-direction. The height of the pucker is h ¼ 0:911 Å,
which is the distance between the top chain and the bottom chain along the out-of-plane z-
direction. The two lattice bases are a1 ¼ 2:866 Å and a2 ¼ 1:614 Å for the in-plane rectangular
unit cell. There are two inequivalent boron atoms in the unit cell. Boron atoms are categorized
into the top chain and the bottom chain. The top chain includes atoms like 1, 4, and 7. The
bottom chain includes atoms like 2, 3, 5, and 6.

Table 630 shows four VFF terms for the borophene; two of which are the bond stretching
interaction shown by Eq. (1), while the other two terms are the angle bending interaction
shown by Eq. (2). These force constant parameters are determined by fitting to the three
acoustic branches in the phonon dispersion along the ΓX as shown in Figure 324(a). The ab

initio calculations for the phonon dispersion are from [116]. Similar phonon dispersion can also
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Figure 322. Stress-strain relations for the InTe of size 100� 100 Å. The InTe is uniaxially stretched along the armchair or
zigzag directions at temperatures 1 and 300 K.
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VFF type Bond stretching Angle bending

Expression 1
2K14ðΔr14Þ

2 1
2K12ðΔr12Þ

2 1
2K134ðΔθ134Þ

2 1
2K135ðΔθ135Þ

2

Parameter 20.673 6.025 3.523 4.651

r0 or θ0 1.614 1.880 64.581 99.318

The second line gives an explicit expression for each VFF term, where atom indexes are from Figure 323(a). The third line

is the force constant parameters. Parameters are in the unit of eV/Å2 for the bond stretching interaction and in the unit of

eV for the angle bending interaction. The fourth line gives the initial bond length (in the unit of Å) for the bond stretching

interaction and the initial angle (in the unit of degrees) for the angle bending interaction. The angle θijk has atom i as the

apex.

Table 630. The VFF model for borophene.

Figure 323. Structure for borophene. (a) Top view. Atoms are categorized into top chains and bottom chains. The top

chain includes atoms like 1, 4, and 7. The bottom chain includes atoms like 2, 3, 5, and 6. The unit cell is shown by blue

rectangle. The first Brillouin zone is shown by red rectangle on the left. (b) Perspective view illustrates the puckered

configuration, with h as the distance between the top and bottom chains along the out-of-plane z-direction. The pucker is

perpendicular to the x-axis and is parallel with the y-axis.
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be found in other ab initio calculations [118]. Figure 324(b) shows that the VFF model and the

SW potential give exactly the same phonon dispersion, as the SW potential is derived from the

VFF model.

The parameters for the two-body SW potential used by GULP are shown in Table 631. The
parameters for the three-body SW potential used by GULP are shown in Table 632. Parameters

for the SW potential used by LAMMPS are listed in Table 633. We note that 12 atom types have

been introduced for the simulation of borophene using LAMMPS, because the angles around

atom 1 in Figure 323(a) are not distinguishable in LAMMPS. We thus need to differentiate

these angles by assigning these six neighboring atoms (2, 3, 4, 5, 6, 7) with different atom types.
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Figure 324. Phonon dispersion for the borophene. (a) The VFF model is fitted to the three acoustic branches in the long

wave limit along the ΓYdirection. The ab initio results (gray pentagons) are from [116]. (b) The VFF model (blue lines) and

the SW potential (red lines) give the same phonon dispersion for the borophene along ΓYSXΓ.

A (eV) r (Å) B (Å4) rmin (Å) rmax (Å)

r14 8.974 0.971 3.393 0.0 2.240

r12 2.098 0.618 6.246 0.0 2.419

The quantity (rij) in the first line lists one representative term for the two-body SW potential between atoms i and j. Atom

indexes are from Figure 323(a).

Table 631. Two-body SW potential parameters for borophene used by GULP [8], as expressed in Eq. (3).
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Figure 325 shows that 12 atom types are necessary for the purpose of differentiating all 6
neighbors around 1 B atom.

Figure 326 shows the stress-strain relations for the borophene of size 100� 100 Å. The struc-
ture is uniaxially stretched in the x or y directions at 1 and 300 K. The Young’s modulus is 162.7
and 385.0 N/m in the x and y directions, respectively, at 1 K, which is obtained by linear fitting
of the stress-strain relations in [0, 0.01]. These values are in good agreement with the ab initio

results at 0 K temperature, e.g., 170 and 398 N/m in [119], or 166 and 389 N/m in [116], or 163
and 399 N/m in [120]. Previous ab initio calculations obtained negative Poisson’s ratio for the
uniaxial stretching of the borophene in the x and y directions, e.g., �0.02 and �0.04 in Refs 119
and 116. The Poisson’s ratio from the present SW potential is�0.03 and�0.07 along the x and y
directions, respectively, which is quite comparable with the ab initio results.

K (eV) θ0 (�) r1 (Å) r2 (Å) rmin12 (Å) rmax 12 (Å) rmin13 (Å) rmax 13 (Å) rmin23 (Å) rmax 23 (Å)

θ134 32.074 64.581 0.971 0.618 0.0 2.240 0.0 2.419 0.0 2.419

θ135 23.668 99.318 0.618 0.618 0.0 2.419 0.0 2.410 2.240 3.047

The first line (θijk) presents one representative term for the three-body SW potential. The angle θijk has the atom i as the
apex. Atom indexes are from Figure 323(a).

Table 632. Three-body SW potential parameters for borophene used by GULP [8], as expressed in Eq. (4).

e (eV) σ (Å) a λ γ cosθ0 AL BL p q Tol

B1dB5dB5 1.000 0.971 2.307 0.000 1.000 0.000 8.974 3.817 4 0 0.0

B1dB2dB2 1.000 0.618 3.914 0.000 1.000 0.000 2.098 42.820 4 0 0.0

B1dB2dB5 1.000 0.000 0.000 32.074 1.000 0.429 0.000 0.000 4 0 0.0

B1dB2dB4 1.000 0.000 0.000 23.668 1.000 �0.162 0.000 0.000 4 0 0.0

Atom types in the first column are displayed in Figure 325.

Table 633. SW potential parameters for borophene used by LAMMPS [9], as expressed in Eqs. (9) and (10).

Figure 325. Twelve atom types are introduced for the boron atoms in the borophene. Atoms B1, B3, B5, B7, B9, and B11 are
from the bottom group. Atoms B2, B4, B6, B8, B10, and B12 are from the top group.
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The third-order nonlinear constant (D) can be obtained by fitting the stress-strain relation to
the function σ ¼ EEþ 1

2DE
2, with E as the Young’s modulus. The obtained values of D are

�1100.1 and �2173.6 N/m in the x and y directions, respectively. The ultimate stress is about
12.3 N/m at the critical strain of 0.17 in the x-direction at the low temperature of 1 K, which
agree quite well with the ab initio results at 0 K [116, 118, 120]. The ultimate stress is about 32.9
N/m at the critical strain of 0.16 in the y-direction at the low temperature of 1 K, which are
quite comparable with ab initio results at 0 K [116, 118, 120].

159. Conclusion remarks

As a final remark, we note some major advantages and deficiencies for the SW potential
parameters provided in the present work. On the one hand, the key feature of the SW potential
is its high efficiency, which is maintained by using minimum potential parameters in the
present work, so the interaction range is limited to the first-nearest-neighboring atoms. As a
result, the present SW potential parameters are of high computational efficiency. On the other
hand, since the interaction is limited to short-range, the optical branches in the phonon
spectrum are typically overestimated by the present SW potential. It is because we have
ignored the long-range interactions, which contribute mostly to the acoustic phonon branches
while have neglectable contribution to the optical phonon branches. The short-range interac-
tion has thus been strengthened to give an accurate description for the acoustic phonon
branches and the elastic properties, which leads to the overestimation of the optical phonon
branches as a trade-off. Hence, there will be systematic overestimation for simulating optical
processes using the present SW parameters.

We also note that the mathematical form of the SW potential is not suitable for the atomic-thick
planar structures, such as graphene and b-BN, because the SW potential is not able to resist the
bending motion of these real planar crystals [121, 122].
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In conclusion, we have provided the SW potential parameters for 156 layered crystals. The

supplemental resources for all simulations in the present work are available online in [1],

including a Fortran code to generate crystals’ structures, files for molecular dynamics simula-

tions using LAMMPS, files for phonon calculation with the SW potential using GULP, and files

for phonon calculations with the valence force field model using GULP.
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