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Elemental 2D materials exhibit intriguing heat transport and phononic properties. Here we have
investigated the lattice thermal conductivity of newly proposed arsenene, the 2D honeycomb struc-
ture of arsenic, using ab initio calculations. Solving the Boltzmann transport equation for phonons,
we predict a highly anisotropic thermal conductivity, of 30.4 and 7.8 W/mK along the zigzag and
armchair directions, respectively at room temperature. Our calculations reveal that phonons with
mean free paths between 20 nm and 1 µm provide the main contribution to the large thermal con-
ductivity in the zigzag direction, mean free paths of phonons contributing to heat transport in the
armchair directions range between 20 and 100 nm. The obtained anisotropic thermal conductivity
and feasibility of synthesis, in addition to high electron mobility reported elsewhere, make arsenene
a promising material for nano-electronic applications and thermal management.

I. INTRODUCTION

The discovery of graphene as a stable atomically thin
material has led to extensive investigation of similar 2D
systems. Its properties such as high electron mobility1,
and very high thermal conductivity2–5 make graphene
very appealing for applications in electronics, for packag-
ing and thermal management6–11. The successful iso-
lation of single-layer graphene fostered the search for
further ultra-thin 2D structures, such as silicene, ger-
manene, phosphorene, and transition metal dichalco-
genides, e.g. MoS2 and WS2

12,13. These materials are
now considered for various practical usages due to their
distinguished properties stemming from their low dimen-
sionality. Thermal transport in 2D materials has recently
attracted the attention of the scientific community, as
anomalous heat conduction has been predicted to oc-
cur in systems with reduced dimensionality14. Phononic
properties and thermal conductivity vary significantly
from one 2D system to another5,15–18. For example, sil-
icene has a buckled structure and a much lower thermal
conductivity19,20 compared to graphene12,21,22.

2D structures of arsenic and phosphorous have been
recently investigated23–27. Arsenic and phosphorus are
in the 5th group of the periodic table and both have
different allotropes. Black phosphorus is a layered al-
lotrope of phosphorus similar to graphite, and the stabil-
ity of its single layer form, named phosphorene has been
probed both theoretically and experimentally13,28. Gray
arsenic is one of the most stable allotropes of arsenic
with a buckled layered structure27,29. In addition, arsenic
has an orthorhombic phase (puckered) similar to black
phosphorus23,25,26, and its monolayer is called arsenene
(see Fig. 1). Experimental observations have shown that

gray arsenic undergoes a structural phase transition to
the orthorhombic precursor of arsenene at temperatures
of about T = 370 K30. As a monolayer arsenene can
have a direct band gap of the order of 1 eV, as opposed
to the multilayer allotrope, which exhibits an indirect
band gap23,26. According to our calculations, arsenene
is stable as a puckered monolayer also near zero temper-
ature, in agreement with previous reports23,25,26. Both
phosphorene and arsenene exhibit diverse polymorphs,
with electronic properties that vary from semiconduct-
ing to semimetallic and metallic as a function of struc-
ture and strain23,27,31. Low dimensionality and the versa-
tility of their electronic structure make two-dimensional
5th group elemental systems very appealing, not only for
fundamental studies, but also for practical applications
in nano electronics. For the latter applications, it is how-
ever essential to characterize thermal transport and heat
dissipation, to predict their operating temperatures.

In this Article we investigate heat conduction in ar-
senene and we elucidate the anisotropy of its thermal con-
ductivity. We consider “puckered” unstrained arsenene,
which is a semiconductor23. Since in semiconductors
phonons are the predominant heat carriers, we use first-
principles anharmonic lattice dynamics calculations and
the Boltzmann transport equation to compute phonon
dispersion relations and thermal conductivity. Accord-
ing to electronic structure calculations23, arsenene has a
band gap of the order of 1 eV, thus we expect a negligible
electronic contribution to κ, unless the system is doped
or strained. For this reason we restrict our study to the
phononic contribution to thermal transport.
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II. RESULTS AND DISCUSSION

A. Structural properties

We employ density functional theory (DFT) as imple-
mented in the VASP code32 with projector-augmented-
wave (PAW)33 pseudopotentials and the Perdew-Burke-
Ernzerhof (PBE) generalized gradient functional 34

exchange-correlation functional. Integration over Bril-
louin zone is performed using 15 × 15 × 1 Γ-center
Monkhorst-Pack mesh of k-points35 and plane waves up
to an energy cutoff of 360 eV are used as basis set to
represent the Kohn-Sham wave functions. The simula-
tion cell is built with a vacuum layer of 10 Å, which is
sufficient to avoid interactions between periodic images.
Detailed convergence studies with respect to the above
mentioned parameters are provided in the Supporting
Information. The structural relaxations were performed
by using the conjugate-gradient (CG) algorithm with a
convergence criterion of 10−6 eV/Å for the maximum
residual force component per atom.

FIG. 1. Top and side view of puckered arsenene.

As shown in Fig. 1, arsenene has a puckered structure
arranged in a rectangular unit cell with Pmna symmetry
and lattice vectors a = 3.686 Å and b = 4.769 Å. The
bond length between atoms in the same plane (upper
panel or lower) is 2.510 Å, while the bonding length be-
tween atoms in different planes is 2.496 Å. The distance
between the two planes is denoted by ∆ and is 2.402 Å.
Our structural parameters are compared with previous
studies in Table I. We observe very small discrepancies
with previous calculations, of less than 0.05 Å, even when
different functionals are used, indicating that the struc-
ture is not very sensitive to the flavor of DFT adopted.

B. Harmonic lattice dynamics

We have utilized the PHONOPY package36 inter-
faced with VASP to compute inter-atomic force constants
(IFCs). After testing convergence of the phonon frequen-
cies as a function of the size of the supercell,37 a 8×8×1
supercell has been adopted, with a 3 × 3 × 1 Γ-center

TABLE I. The lattice parameters of arsenene. a and b are
the lattice vectors, ∆ is the puckering distance, c1 is the bond
length between atoms that are in the same plane, c2 is the
bond length between atoms that are in different planes.

Monolayer of arsenene

Method a (Å) b (Å) ∆ (Å) c1 (Å) c2 (Å)

PBE 3.686 4.769 2.402 2.510 2.496

PBE (Ref.23) 3.677 4.765 2.441 2.521 2.485

revPBE-vdW (Ref.26) 3.68 4.80 – 2.51 2.49

Γ X S Y Γ
0

2

4

6

8

F
re

q
u

en
cy

 (
T

H
z)

ZA

LA
TA

B
1g

B
3g

1

B
1u

FIG. 2. Phonon dispersion curves along the high-symmetry
directions of the first Brillouin zone for puckered arsenene.

Monkhorst-Pack mesh of k-points, to build the dynam-
ical matrix D (see Supporting Information for details).
Second derivatives of the potential energy are computed
by finite differences displacing the atoms by 10−3 Å. D is
symmetrized and translational invariance is ensured by
imposing the acoustic sum rule. The frequencies of the vi-
brational modes are obtained by diagonalizing D, and the
phonon dispersion curves are represented in Fig. 2. The
absence of phonon branches with imaginary frequencies
indicates the stability of the system at zero temperature.

The phonon bands exhibit two acoustic modes, a lon-
gitudinal one (LA) and an in-plane transverse one (TA),
with linear dispersion (ω ∝ q) for q → 0, and an out-
of-plane flexure mode (ZA) with quadratic dispersion in
the long wavelength limit, which is a general feature of
2D membranes38. Flexural modes have been character-
ized in graphene15,39, silicene16,40, hBN41, MoS2

42 and
ultra-thin silicon membranes43,44. Flexural modes have
a major role in contributing to the thermal conductiv-
ity of graphene, both as carriers15 and as scatterers45.
In addition, we observe a gap of about 2 THz between
the low-frequency and high-frequency optical branches,
which has an impact on the selection rules that determine
the coupling terms of three-phonon scattering processes.
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FIG. 3. Thermal conductivity of arsenene as a function of
temperature along the zigzag and armchair direction. Hollow
symbols indicate the thermal conductivity calculated using
relaxation time approximation, while solid ones refer to self-
consistent calculations.

C. Thermal conductivity

We have computed the thermal conductivity of ar-
senene by solving the phonon Boltzmann transport
equation (BTE) with an iterative self-consistent algo-
rithm46,47, using the ShengBTE package48. In our calcu-
lations we have considered third-order interatomic force
constants up to the fourth shell of neighbors in a 5×5×1
supercell49 with a 3× 3× 1, Γ-centered Monkhorst-Pack
mesh of k-points, which corresponds to the 15 × 15 × 1
mesh used for the structural calculations in the unit cell.
Convergence tests are reported in the Supporting Infor-
mation.

Third derivatives of the potential energy with respect
to displacements of atoms ijk along αβγ coordinates are
also computed by finite differences, and translational in-

variance is enforced by imposing
∑
i Φαβγijk = 0, following

the procedure described by Li et al.50

Three phonon scattering processes have been consid-
ered in the calculation of phonon lifetimes τ0λ in the re-
laxation time approximation (RTA) according to the fol-
lowing expression48,51:

1

τ0λ
=

1

N

(
+∑

λ′λ′′

Γ+
λλ′λ′′ +

1

2

−∑
λ′λ′′

Γ−λλ′λ′′ +
∑
λ′

Γext
λλ′

)
,

(1)
where Γ+

λλ′λ′′ and Γ−λλ′λ′′ represent the scattering rates,
due to absorbing and emitting three-phonon intrinsic
processes, respectively. The extrinsic scattering term
Γext
λλ′ does not include isotope scattering, since arsenic

does not present isotopic disorder, and defects were not
considered. Γext

λλ′ is however used to take into account

boundary scattering processes later on.
To properly take into account collective effects in

phonon transport in two-dimensional materials, it is nec-
essary to solve the linearized BTE exactly, which is here
performed self-consistently. Self-consistent phonon life-
times are therefore expressed as50–52:

τβλ = τ0λ(1 + ∆β
λ), (2)

with

∆β
λ =

1

N

[ +∑
λ′λ′′

Γ+
λλ′λ′′(χ

β
λλ′′τ

β
λ′′ − χβλλ′τ

β
λ′) +

−∑
λ′λ′′

1

2
Γ−λλ′λ′′(χ

β
λλ′′τ

β
λ′′ + χβλλ′τ

β
λ′)
]

(3)

in which χβλλ′ = ωλ′vβλ′/ωλv
β
λ . Here we point out that

τβλ is the relaxation time for phonons with polarization λ
that propagate in the direction β. In fact, solving BTE
beyond RTA entails a directional dependence of phonon
relaxation times, as the direction of the heat flux de-
termines different shift in the phonon population and
therefore different scattering efficiency52. Knowing the
distribution function, the phononic thermal conductivity
tensor (κ) is then expressed as:

καβ =
1

V

∑
λ

~ωλ
∂f

∂T
vαλv

β
λτ

β
λ , (4)

where f is the phonon distribution function, ωλ is the
phonon angular frequency, vαλ is the velocity compo-
nent along the α-direction. Both the RTA and the self-
consistent solutions to BTE have been obtained integrat-
ing the Brillouin zone over a dense 100× 100× 1 grid of
q-points, which ensured convergence of the iterative pro-
cedure in the whole temperature range considered.

The two diagonal components of the thermal conduc-
tivity at temperatures between 10 and 500 K are reported
in Fig. 3. This plot also shows a large difference be-
tween the self-consistent and the RTA results, especially
for heat transport in the zigzag direction over the whole
range of temperatures considered. In the armchair direc-
tion differences are limited to temperatures below 50 K.
The reason for so large differences between self-consistent
and RTA results may possibly lie in the occurrence of col-
lective phonon excitations that give rise to hydrodynamic
effects53. Such effects have been observed not only in 2D
materials with very high thermal conductivity, such as
graphene, but also in MoS2 and fluorinated graphene5.
The thermal conductivity along the zigzag and armchair
direction at T = 300 K is 30.4 and 7.8 Wm−1K−1, respec-
tively. The nearly 4-fold ratio between the two compo-
nents indicates a high anisotropy. The anisotropy ratio is
much larger at low temperatures, κzigzag/κarmchair ∼ 40
at 10 K: it monotonically decreases and becomes nearly
constant above 150 K.

The thermal conductivity of arsenene in comparison
to graphene and hexagonal boron nitride is very low: for
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TABLE II. Speed of sound (group velocity) in km/s of acous-
tic modes of arsenene and phosphorene close to the zone cen-
ter (Γ-point). Since ZA modes have quadratic dispersion at
the Γ point, their group velocity is zero.

Arsenene Phosphorene

TA LA LA (ref.54)

Armchair 2.41 2.44 4.17

Zigzag 2.41 4.77 7.73
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FIG. 4. Relaxation time of phonon modes as a function of
frequency along the zigzag (a) and armchair (b) direction at
room temperature and at T=50K (c,d).

example both experimental and theoretical studies indi-
cate that the intrinsic thermal conductivity of graphene
is larger than 3000 W/mK 2,3. Due to the larger atomic
weight of As, κ of arsenene is lower than that of the
equivalent puckered phase of phosphorene, which is also
strongly anisotropic, theoretically predicted as 110 and
36 Wm−1K−1 in the zigzag and armchair directions, re-
spectively18. We note indeed that the group velocity of
the acoustic modes of arsenene along both zigzag and
armchair directions near the zone center are about twice
as smaller as those of phosphorene (see Table II). Accord-
ing to Eq. 4 group velocities contribute to κ quadratically,
we can argue that the difference in vλ is mostly responsi-
ble for the difference between the thermal conductivities
of arsenene and phosphorene at room temperature. In
fact v2phosphorene/v

2
arsenene is 2.7 and 2.9 for LA modes

in the zigzag and armchair directions, while the thermal
conductivity ratio is 3.6 and 4.6, thus indicating that sig-
nificant differences occur also in phonon lifetimes, possi-
bly originated by the different occupation of the optical
modes at room temperature, due to quantum effects.

Table II would also suggest that the main origin of
the large anisotropy of κ lies in the difference between
the group velocities of the LA mode in the zigzag and
armchair directions. However, the center-zone speed of
sound provides only limited insight into heat transport
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FIG. 5. Normalized contribution of each phonon branch to
the total thermal conductivity, as a function of temperature
along the (a) zigzag and (b) armchair directions.

mechanisms, and a more detailed analysis is required.
To this scope we analyze phonon lifetimes (Fig. 4) at
low temperature (50 K) and at room temperature, and
we computed the contribution of each phonon branch to
the total thermal conductivity as a function of temper-
ature (Fig. 5). At both temperatures examined, along
the zigzag direction, phonon lifetimes for ZA, TA and
LA modes scale like 1/ωa for ω −→ 0, with a between
1.4 and 1.6. Such scaling, combined with the density
of state and the group velocities computed by harmonic
lattice dynamics, prevents divergence of κ45: divergence
would occur for a ≥ 2. We notice that at low tempera-
ture ZA, LA and TA propagating in the zigzag direction
have lifetimes of the same order of magnitude, while at
room temperature ZA have significantly lower lifetimes.
For phonons propagating along the armchair direction
we observe that ZA lifetimes decay fast and eventually
plateau for frequency larger than 0.1 Thz. Both at low
and room temperature τZA � τLA/TA. Furthermore,
the relaxation times of the LA modes at low frequencies,
which play a significant role in the process of heat con-
duction at room temperature, are larger than those of
other acoustic modes (see Fig. 4). The group velocity of
the LA mode near the zone center is the largest along the
zigzag direction, while it is comparable to the TA mode
along the armchair direction (see Table II). The combi-
nation of these two facts leads to the large anisotropy
observed a room temperature.

From the calculation of the branch-resolved partial
contribution to κ, reported in Fig. 5, we observer that the
ZA mode provides the largest contribution along both di-
rections at low temperatures, in spite of relatively small
lifetimes: this is due to the large density of state of ZA
modes at low frequency, which are the ones populated at
low temperature. This contribution rapidly decreases as
the temperature increases and reaches ∼ 8% (armchair
direction) and ∼ 20% (zigzag) for temperatures above
300 K. This is in contrast to the case of graphene where
the ZA modes provide the main contribution to heat con-
duction even at high temperatures15. Due to the selec-
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tion rules of phonon scattering in graphene, originated
by the combination of low dimensionality and hexagonal
symmetry, ZA modes have very large relaxation time,
compared to the in-plane acoustic branches15. In con-
trast, due to its puckered structure, similar to silicene and
phosphorene16,18, the hexagonal symmetry is broken in
arsenene, resulting in larger scattering rates and shorter
relaxation times of the ZA modes. The contribution of
the ZA modes remains however substantial and roughly
equivalent to that of the TA modes in the zigzag direc-
tion, while it drops below 10% in the armchair direction.
At temperatures higher than 100 K, the contribution of
LA modes to the thermal conductivity is the largest in
both directions. These results suggest that the origin of
the anisotropy of κ is different depending on tempera-
ture: at high temperature anisotropy it is mostly deter-
mined by the different group velocities of the LA modes,
which provide the main contribution to κ, whereas at low
temperature it stems from the difference between the re-
laxation times of the ZA modes. Such differences account
for the much larger anisotropy ratios at low temperature
evidenced by the calculation of κ.

Finally, we computed the thermal conductivity accu-
mulation function κ(λ) as a function of phonon mean free
paths, as the sum of the contributions to κ from phonons
with mean free path smaller than λ, as obtained from the
self-consistent solution of the BTE. These calculations
can be compared to thermal conductivity spectroscopy

measurements55,56, and provide an estimate of the range
of phonon mean free paths that mostly contribute to κ.
The results reported in Figure 6 indicate a broad band
contribution to κ both in the armchair and in the zigzag
direction. In contrast with other 2D materials with high
κ, such as graphene, graphane and h-BN, which exhibit
significant contribution to κ from phonons with mean
free paths larger than several micrometer5, for arsenene
90% of the thermal conductivity contribution comes from
mean free paths smaller than 550 and 440 nm for conduc-
tion in the zigzag and armchair directions. The center of
the distribution of the mean free paths contributing to κ
is ∼ 90 and ∼ 50 nm in the zigzag and armchair direc-
tions. We therefore expect a significant reduction of κ
in polycrystalline arsenene sheets in both directions for
grain size of the order of 100 nm or less. In addition,
the presence of point or line defects that would scatter
phonons with mean free paths between 50 and 100 nm
would have a more prominent effect on transport in the
zigzag direction, thus suppressing anisotropy.

III. CONCLUSIONS

In summary we have theoretically investigated the
phonon properties and the thermal conductivity of ar-
senene by ab initio anharmonic lattice dynamics. Accord-
ing to our calculations arsenene is one of the elemental 2D
materials with the lowest thermal conductivity, especially
if we consider the armchair component. The larger mass
of arsenic atoms compared to phosphorus leads to a 3
times smaller thermal conductivity of this material com-
pared to phosphorene. Compared to phosphorene, the
thermal conductivity of arsenene is even more strongly
anisotropic. Such anisotropy could be exploited for heat
management in nano electronic devices, if one wants to
establish directional heat dissipation. Unlike graphene,
the longitudinal acoustic phonon modes provide the main
contribution to the thermal conductivity of arsenene at
temperatures above 100 K, which is mainly due to the
puckered structure of this material. From this observa-
tion, we expect that κ of arsenene would be less affected
by the interaction with a substrate than in those materi-
als for which the main contribution comes from flexural
modes.
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