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Ternary AGasSg (A = K, Rb, Cs): Promising infrared nonlinear optical
materials rationally realized by “one-for-multiple substitution” strategy
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ABSTRACT Commercially available infrared (IR) nonlinear
optical (NLO) materials, such as diamond-like AgGaQ, (Q =S,
Se), display large NLO coefficients but relatively low laser-
induced damage thresholds (LIDTs), which seriously hinder
their widespread laser applications. Herein, the “one-for-
multiple substitution” strategy, namely, [SZn,*" + 5Zn*" = A*
+ 5Ga*'] (A = K, Rb and Cs), is applied on the diamond-like
zinc-blende ZnS, and affords three new polar ternary crystals
AGasS3 (A = K, Rb and Cs) through the solid-state method.
These compounds inherit the diamond-like anionic backbone
framework in ZnS where the NLO functional motifs GaS, are
arranged in a parallel manner. This characteristic accounts for
the remarkable phase-matchable second-harmonic generation
intensities (1.1-1.2 x AgGa$,). In addition, the inclusion of
the highly electropositive A* cations affords a band gap ran-
ging from 3.10 to 3.37 eV, which facilitates the improvement
of LIDT (9.3-12.4 x AgGa$;). To the best our knowledge,
crystals AGasSg (A = K, Rb and Cs) are the first series of
ternary A-inclusion chalcogenides with large second-harmo-
nic generation responses (=1.0 x AgGaS$,) and wide band gaps
(=3.0 eV), fulfilling the rigorous requirements of outstanding
IR NLO materials. In addition, the “one-for-multiple sub-
stitution” strategy presents the great significance of diamond-
like structure evolution and provides a remarkable opportu-
nity to achieve NLO materials.

Keywords: chalcogenides, nonlinear optical materials, diamond-
like structure, substitution strategy, second-harmonic generation

INTRODUCTION
The nonlinear optical (NLO) crystal is indispensable for the
production of coherent and tuneable wavelengths in the all-
solid-state laser technology based on optical parametric ampli-
fication or oscillation [1-18]. Typical infrared (IR) NLO mate-
rials, such as diamond-like AgGa$, (AGS), AgGaSe, and ZnGeP,
[19], display large NLO intensities and wide transparent regions.
However, they suffer from inherent drawbacks, like low laser-
induced damage threshold (LIDT), non-phase matchable beha-
vior, or harmful multi-phonon absorption, which limit their
applications in high-power lasers. Therefore, exploring new IR
NLO materials with excellent performance is still imperative in
cutting-edge science and technology.

Chemical substitution based on the famous structural proto-

type, including mono-substitution and co-substitution, offers an
alternative but effective pathway to design prominent IR NLO
materials. Mono-substitution is the equivalence substitution
involving one crystallographic position in the parent structure.
For example, the IR NLO material NaAsSe, was synthesized
from NaAsS, by this method [20,21]. Co-substitution means the
replacement of two or more crystallographic positions, without
the requirement of the oxidation state of each component to be
equal. For instance, salt-inclusion chalcogenides [BasCl,]-
[ZnGa,S,o] were obtained by replacing K* and Ga** cations in
[KBa;CL,][GasSyo], respectively, by Ba** and Zn* cations in the
manner of [K* + Ga** = Ba®" + Zn?'] [22,23]. To maintain the
structural framework of the prototype phase, the interchange-
able cations or anions should have similar sizes, which limits the
selection of elements and restricts the scope of exploration. If co-
substitution could be expanded to one crystallographic position
substitution of multiple building units, namely, the “one-for-
multiple substitution” technique, new state-of-the-art NLO
materials can be further discovered.

Diamond-like chalcogenides, as the most significant family of
potential IR NLO crystals, have been developed by the mono-
substitution or co-substitution strategy because of the high
structural flexibility of tetrahedral [MS,] (M may be Cu, Ag, Zn,
Cd, Si, or Ge) units. They can originate from the zinc-blende a-
ZnS in several manners, including [2Zn** = I* + 1II**], [4Zn**
= 2I* + II?* + IV*], and [7Zn?*" = 41" + II** + 2IV*] (I = Cu,
Ag, Li; II = Zn, Cd, Hg, Mn; IV = Si, Ge, Sn) [2,24-28].
Importantly, to address the low LIDT issue of the diamond-like
chalcogenide AGS, a strong electropositive Li* substituted the
photo-sensitive Ag* cations to obtain LiGaS, with a wide band
gap and high LIDT [29]. However, Li element is corrosive to
quartz tubes at high temperatures and hampers the growth of
bulk crystals. Although other electropositive A* (A = K, Rb, Cs)
cations have the same valence state to Li*, simple substitution of
A* with Li* in LiGaS, is impossible due to their substantially
different ionic radii and coordination geometries. Therefore,
careful molecular engineering is necessary to incorporate A*
cations in diamond-like frameworks.

Structurally, each A atom may coordinate to 12 S atoms to
form a [AS,,] cuboctahedron, in which iso-coordinated config-
uration matches well with the S-centred-[SZn4]S;, cuboctahe-
dron in a-ZnS. Based on the above considerations, three new
ternary polar chalcogenides AGasSs (A = K, 1; Rb, 2; Cs, 3) were
successfully prepared by the “one-for-multiple substitution”
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strategy in the manner of [SZn,** + 5Zn** = A* + 5Ga’*], that is,
one tetrahedral [SZn,]®* unit and five Zn?* cations were replaced
with one A* and five Ga®* cations, respectively. Compounds 1-3
featured diamond-like anionic frameworks and produced
remarkable second-harmonic generation (SHG) responses. In
addition, the inclusion of the highly electropositive A* cation
broadens the band gap and finally improves the LIDT. The three
compounds represent the first series of ternary A-inclusion
chalcogenides with large SHG responses (>1.0 x AGS) and wide
band gaps (>3.0 eV). Herein, the synthesis, crystal structures,
linear and NLO properties, as well as theoretical electron tran-
sition of 1-3 will be reported.

EXPERIMENTAL SECTION

Syntheses

All reactants were weighed in an argon-filled glovebox with O,
levels <0.5 ppm. For the synthesis of 1, starting materials, K
metal (Sinopharm, 99%, 0.030 g), Ga metal (Alfa, 99.99%,
0.271 g), and S powder (Sinopharm, 99.9%, 0.199 g) were mixed.
To synthesize 2 and 3, raw reactants Y (Macklin, 99.99%,
0.030 g), Ga (Alfa, 99.99%, 0.117 g), S (Sinopharm, 99.9%,
0.086 g), and RbBr (0.167 g, for 2), as well as Y (Macklin,
99.99%, 0.029 g), Ga (Alfa, 99.99%, 0.115g), S (Sinopharm,
99.9%, 0.085 g), and CsI (0.171 g, for 3) were mixed together. All
the raw materials were placed into quartz tubes and sealed in a
vacuum of 107* Torr (1 Torr = 133.3 Pa), then put in a com-
puter-controlled furnace. They were then slowly heated to
1193 K in 25 h, kept at 1193 K for 96 h, and finally cooled to
room temperature at a rate of 3 K h™'. Colorless bulk crystals of
1, 2, and 3 were obtained by washing the products with distilled
water. Energy-dispersive X-ray spectroscopy (EDS) analyses
were carried out on the surfaces of single crystals using a Hitachi
S-3500 scanning electron spectrometer equipped with an EDS.
The EDS analyses present average A/Ga/S molar ratios near the
stoichiometric ratios in 1, 2 and 3, respectively (Fig. S1).

Single-crystal and powder X-ray diffraction analyses

The single crystal X-ray diffraction (XRD) datasets of 1-3 were
collected using Mo-Ka radiation (A = 0.71073 A) generated with
a Rigaku FR-X Microfocus diffractometer at room temperature.
Data collection and reduction were performed applying the
CrysAlisPro [30] software, and absorption corrections were
obtained based on a multiscan-type model. The crystal struc-
tures were solved by direct methods and refined on F* by full-
matrix least-squares methods using the fifth version of Siemens
SHELXTL crystallography software package [31]. For 2 and 3,
the R, (I > 20(I)) value reaches 0.0274-0.0329 when the
orthorhombic system was selected, but it is larger than 0.2 when
the tetragonal crystal system was applied. Thus, compounds 2
and 3 crystalize in the orthorhombic system instead of the tet-
ragonal crystal system. All atoms were refined with anisotropic
displacement parameters. The absolute structures were checked
over for lacking symmetry elements using PLATON, and none
were found. Powder XRD analyses were performed utilizing an
automatic Rigaku Flex600 X-ray diffractometer applying Cu Ka
(A = 1.54057 A) radiation at room temperature, with a step size
of 0.02° and a 26 range of 5°-65°.

IR and UV-Vis-NIR diffuse-reflectance spectroscopy
The IR spectra were measured by employing a Fourier transform
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IR spectrometer in the range of 4000-400 cm™. The ultraviolet-
visible-near infrared (UV-Vis-NIR) diffuse-reflectance spectra
were measured using the powder samples of 1-3 by a Perkin-
Elmer Lambda 950 UV/Vis/NIR spectrophotometer in the
wavelength range of 200-2500 nm with a BaSOy4 plate as a 100%
reference at room temperature. The Kubelka-Munk equation
was used to calculate the absorption spectra from the reflection
spectra [32].

SHG and LIDT measurements

Powder SHG signals of 1-3 were measured by applying the
Kurtz-Perry method with a laser at the wavelength of 1910 nm.
Since the SHG efficiency depends on particle size, crystals of 1-3
were ground and sieved into several particle sizes (30-50, 50-75,
75-100, 100-150, and 150-200 um), which were placed between
the glass plates. The commercial AGS samples as standards were
sieved into the same particle size ranges. The LIDT was mea-
sured using crystals 1-3 and AGS with the laser source
(1064 nm, 10 ns, 1 Hz). The laser emission’s energy was gradu-
ally increased until the damage to samples occurred. The damage
threshold is defined as Iireshoty = E/(r’ty), where E, 1, and £,
refer to the energy of a single pulse, spot radius, and pulse width,
respectively.

Calculations of electronic structures and optical properties

First-principles calculations on compounds 1-3 were performed
using the ABINIT software package, a total energy package
based on the pseudopotential density functional theory (DFT)
[33-36]. The correlation-exchange terms in the Hamiltonian
were described by the functional developed by Perdew, Burke,
and Ernzerhof in the generalized gradient approximation form.
The  projector-augmented  plane-wave  pseudopotentials
(K 3s3p®4s!, Rb 4s%4p®5s!, Cs 5s*5p%6s!, Ga 3d'°4s’4p', and
S 3s?3p*) were used to simulate ion-electron interactions for all
constituent elements. A kinetic energy cutoff of 18 Hartree was
chosen with Monk Horst-Pack k-point meshes (4 x 3 x 2 for 1,
and 2 x 2 x 2 for 2 and 3, respectively) in the Brillouin zone. For
calculating the linear optical properties, the dielectric function is
defined as & = girelw) +  &jim(w) utilizing

4n Fan (7 (K)
g ankfnm (k) wmn (k) —w

of the dielectric function, &n(w) are imaginary parts of the

+J,, in which é&.(w) are real parts

dielectric function, and 7, (k) is the position matrix elements

from states n to m. The density functional perturbation theory
and the “sum over states” method were used to calculate the
frequency-dependent SHG susceptibility tensor y;x(2w,w,w). The
SHG susceptibility primarily stems from three parts: (1) the pure
inter-band transition term yiner(2w,w,0); (2) the intra-band
transition term Yiny(2w,w,w), which describes the modulation of
linear susceptibility by the intra-band motion of electron; and
(3) the modulation term ymo.da(2w,w,w) of the intra-band con-
tribution by the inter-band motion-related polarization energy
[35].

RESULTS AND DISCUSSION

Crystal structures

Single crystals of 1-3 were synthesised with high yield via the
solid-state method in sealed quartz tubes. The purities of phases
1-3 were verified by powder XRD (Fig. S2). As listed in Table 1,
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Table 1 Crystal data and structure refinement parameters for 1-3

Empirical formula KGasSg (1) RbGasSs (2) CsGasSs (3)

Formula weight 644.18 690.55 738.00
Temperature (K) 293(2)

Space group P2, Iba2 Iba2

a (A) 8.3639(4) 22.3100(5) 22.3837(5)

b (A) 10.1146(4) 22.3100(5) 22.3837(5)

c (A) 15.2948(7) 10.3387(3) 10.3799(5)

B 101.877(4) 90 90
vV (A% 1266.2(1) 5145.9(2) 5200.6(3)
VA 4 2 2
Deac (g cm™) 3.379 3.565 3.770
4 (mm™) 12.101 15.346 14.225
Goodness-of-fit on F* 0.990 0.994 1.002
R* (I > 2(1)) 0.0267 0.0329 0.0274
wR® (I > 2(D)) 0.0562 0.0773 0.0548
R;* (all data) 0.0336 0.0364 0.0345
wRy® (all data) 0.0588 0.0784 0.0571
Flack x 0.022(14) —0.001(10) 0.01(3)
Apmax/ Apmin, (€ A 0.744/-0.645 0.911/-1.099 0.661/—0.552

a) Ry = Z||Fo|—|F||/Z|F,|, b) wR, = (S(W(F*=F2)?)/Z(w(F,2)*)"~

Figure 1 Open honeycomb-like structures of 1 (a), a-ZnS$ (b) and 3 (c). The tetrahedral GaS, (or ZnS,) units were highly arranged in 1 (d), a-ZnS (e) and

3 ().

single-crystal XRD studies demonstrate that 1 crystallizes in the
monoclinic space P2; and the asymmetric units of 1-3 consist of
two A sites, 10 Ga sites, and 16 S independent sites (Table S1).
All Ga atoms connect four S atoms to form slight GaS, tetra-
hedrons with Ga-S bond distances of 2.205-2.385 A (Table S2),
which almost coincides with those of BaGa,GeSs [37],
Sm4GaSb59 [38], BaGZn7Ga2816 [39], and LiGazP86 [40] All GaS4
tetrahedrons are anchored via corner-sharing S atoms to pro-
duce three-dimensional diamond-like anionic frameworks, in
which A* cations are located in the cavities to keep the elec-

742
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trovalence balanced. According to the calculation method in the
literature [41], the densities of the [GaS,] group (n/V) of com-
pounds 1, 2, and 3 are 0.0158, 0.0142, and 0.0140 A=, respec-
tively. Compounds 1-3 show similar honeycomb-like
frameworks resembling that of a-ZnS (Fig. 1) [42], which belong
to the structural progenitor for diamond-like metal chalcogen-
ides. The compounds can be described as large-size A* cations
located in the diamond-like anionic frameworks.

Elucidating the structural evolution from a-ZnS$ (sphalerite) to
the title compounds is significant. On the one hand, each ion in

February 2023 | Vol.66 No.2
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the binary a-ZnS is tetrahedrally coordinated by the nearest
neighbor cations, in which the [SZny] tetrahedron is surrounded
by 12 S atoms to build a tetrakaidecahedron with bond distances
of S(centre)-S(terminal) ranging over 3.8 A. The valence-
balanced A* cations are also bonded to 12'S atoms to build a
tetrakaidecahedron (Fig. 2) with distance lengths of K/Rb/Cs-S
ranging from 3.5 to 3.9 A, which are coordination-matched with
[SZn4]S,, units. On the other hand, the tetrahedral [ZnS,] and
[GaS,] units are known to exhibit similar coordinated config-
urations and can substitute each other. Given that the sub-
stitution should maintain the sum of the oxidation states
constant, the “one-for-multiple substitution” strategy from the
maternal structures to the derivatives is performed; that is,
[SZn,* + 5Zn** = A* + 5Ga**], in which the [SZn,]®* units and
57Zn?** cations are replaced with A* and 5Ga’* cations, respec-
tively, resulting in the synthesis of the title compounds.

Interestingly, despite the same stoichiometric ratio, phases 1-3
adopt different space groups owing to the cation size effect.
Numerous known compounds exhibit similar phenomena. For
instance, the decrease of structural symmetries was discovered in
the A,Hg;Ge,Ss (A = alkali metal) [43-45] system with distinct
A element replacements. Also, different A atoms in the SrA,SiS,
(A = Li, Na, Cu) [46] series caused them to represent distinct
coordination numbers and dimensional configurations. Notably,
the Rb* and Cs* (corresponding ionic radii of 1.72 and 1.88 A)
cations are relatively larger than K* (ionic radius: 1.64 A) in title
compounds, leading to K/Rb/Cs-S average distance lengths of
3.64, 3.66 and 3.68 A (Table S2), respectively, accounting for the
change in the interactions between the cation and anionic fra-
mework. Such slight changes in the bond length directly affected
the rising crystallographic symmetry from the mono-clinic space
P2, to the orthorhombic space Iba2 but not greatly influenced
the similar diamond-like anionic frameworks with the tetra-
hedrons alignment in parallel fashions. This phase-change
attribute offered great significance to the diamond-like struc-
tural evolution.

SHG and LIDT

Given that all tetrahedrons in the diamond-like anionic frame-
works were highly oriented arrays, 1-3 may disclose large NLO
coefficients. The SHG responses of the compounds and standard
AGS were measured by the Kurtz and Perry powder technique
[47] under laser radiation at 1910 nm. The relative SHG inten-
sities of 1-3 increased and nearly reached platforms dependent

K+ 5Ga* =——

2.26 A

Coordination
—-

matching
GaS, ZnS

[SZn Jo + 5Zn?

4

2.32A

on particle sizes, indicating phase matchable attributes. When
the particle size reached the range of 150-200 um, the corre-
sponding SHG intensities of 1, 2 and 3 were 1.2, 1.1 and 1.2
times that of the benchmark AGS (Fig. 3a and Fig. S3). There-
fore, the corresponding SHG coefficients des of 1, 2 and 3 were
calculated to be 12.7, 12.2 and 12.7 pm V™! with the benchmark
AGS (der = 11.6 pm V™, defitsample)/ detiacs) = (Lotsample)/ Lrw(acs)'”)
[23]. Such data were larger than those of new IR NLO crystals,
such as AAgGagSio (A = K, Rb, Cs) [48], LisMgGe,S; [2], [K4Cl]-
[CdGaysSi6] [49], and [ABa,Cl][Ga,Ss] (A = Rb, Cs) [50].

The LIDT is a significant parameter for evaluating the NLO
crystal to be applied in a high-power laser. As shown in Fig. 3b
and Table S3, the corresponding LIDT values of 1 (crystal size:
2.1 mm x 2.0 mm x 1.5 mm), 2 (1.5 mm x 1.2 mm X 0.5 mm)
and 3 (2.0 mm x 1.1 mm x 1.0 mm) (see the inset of Fig. 3c)
were measured to be 134.8, 109.9 and 101.0 MW cm™, which
were 12.4, 10.1 and 9.3 times that of AGS (10.9 MW cm™2,
20mm X 1.5mm X 1.0 mm) as shown by the single-pulse
method at the fundamental laser of 1064 nm [51]. Thus, the
LIDT values of 1-3 were close to those of notable BaGa,S; [52]
and Li[Cs,LiCl][GasSs] [53]. In general, the band gap of chal-
cogenides is positively related to the LIDT [54]. The UV-Vis-
NIR diffuse reflectance spectra in Fig. 3c showed strong
absorption edges at 3.23, 3.10 and 3.37eV for 1, 2 and 3,
respectively. By comparison, the A" substitutions with Ag*
cations in AGS broadened their band gaps [55]. Because com-
pounds 1-3 could mitigate the multiple-photon absorption
under the 1064-nm laser irradiation, they are subsequently
beneficial for the improved LIDTs. Moreover, thermal properties
are also crucial factors that influence the LIDT. The tempera-
ture-dependent lattice parameters of 1-3 were studied at tem-
peratures ranging from 100 to 300 K. The thermal expansion
coefficients (at x 107> Fig. 3d and Fig. S4) were as follows: 1.36,
0.82 and 0.98 for 1; 1.26 and 1.06 for 2; and 1.43 and 1.15 for 3.
Thus, the corresponding thermal expansion anisotropies
(Table S4) of 1, 2 and 3 were 0.66, 0.19 and 0.24, which were
considerably smaller than those of AGS (2.95) [23]. These values
indicated the high LIDTs of 1-3.

Traditionally, ternary systems usually have simple chemical
compositions and convenient syntheses, which are superior to
the quaternary (or pentanary) ones for practical applications.
Following these considerations, the properties of ternary classi-
cal and title IR NLO crystals are listed in Table 2. 1-3 showed
strong NLO coefticients (equal to that of AGS), and broadened

[SZn,IS,,

— Cs*+5Ga*

Coordination
—-

matching

Figure 2 Structural evolution from a-ZnS to 1-3 realized by the co-substitution strategy.
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Figure 3 (a) Phase-matchable behaviours of 1-3 and benchmark AGS. (b) Relative SHG intensities and LIDTs. (c) Diffuse reflectance spectra of 1-3 (inset:

the single-crystals of 1-3). (d) Thermal expansion coefficients of 3.

Table 2 Comparison of the NLO properties of ternary typical and title IR NLO sulfides

Compounds Relative SHG* (XxAGS) Relative LIDT (xAGS) Band gap (eV) Ref.
AGS 1.0 1.0 2.65 [19]
LiGa$, 0.4 8.3 4.15 [56,57]
LilnS, 0.5 33 3.59 [56,58]
BaGa,S; 0.4 7.8 3.54 [52,56]

1 1.2 12.4 3.23 This work
2 1.1 10.1 3.10 This work
3 1.2 9.3 3.37 This work

a) The nonlinear coefficients were equal to max(|dj]).

band gaps (larger than 3.0 eV) that were positively related to
high LIDT (~10 times that of AGS) simultaneously. To the best
of our knowledge, samples 1-3 are the first ternary A-inclusion
chalcogenides with large SHG responses (>1.0 x AGS) and wide
band gaps (>3.0 V), which fulfill the advanced requirements,
suggesting their potential for high-power applications. Further-
more, broad spectral ranges (2.5-25.0 mm) are shown by the IR
transmission spectra in Fig. S5. This result indicates that 1-3
may be used for prominent NLO applications in the mid-IR and
far-IR regions.

Electronic structure and NLO efficiency calculations

To gain further insight on the structure-property relationships,
the electronic structure, density of states (DOS) and optical
properties of 1-3 were investigated by the DFT [34-36]. As
illustrated in Fig. 4a and Fig. S6, 1, 2 and 3 had calculated
indirect band gaps of 2.30, 2.22 and 2.22 eV, respectively. The
partial DOSs are depicted in Fig. 4b and Fig. S6. The K (or Rb,

744
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Cs) orbitals were electropositive and located at a deep level that
made a negligible contribution at both the top of valance bands
and the bottom of conduction bands. This A* configuration
played wide band gap roles due to the “dimensional reduction”
effect [59]. By contrast, the electron transition was mainly
completed in Ga-s, p and S-s, p orbits close to the band gap.
That is, given that the optical properties primarily originated
from the electron transitions, the SHG responses of 1-3 were
mainly contributed by the tetrahedral GaS; units. Moreover,
based on the restrictions of the Kleinman’s symmetry, the
independent SHG coefficient of 1 is four, but those for 2 and 3
are three. The frequency-dependent SHG coefficients of 0.65 eV
(1910 nm) (Fig. 4c, d and Fig. S7) depicted that the calculated
values for dis, dis dzp, and doy, were 13.0, 13.6, 3.1, and
—10.5pm V™! for 1; dis, dps and ds; were —20.5, 20.1 and
—0.4 pm V7! for 2; and —18.6, 18.5, and —0.16 pm V™! for 3. The
experimental ones of 1-3 kept in certain values between the
frequency-dependent SHG coefficients.

February 2023 | Vol.66 No.2
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Figure 4 (a) Calculated band structure of 3. (b) Partial DOS of 3. Calculated NLO coefficients of 1 (¢) and 3 (d).

CONCLUSIONS

In summary, the “one-for-multiple substitution” strategy was
proposed and applied on zinc-blende ZnS, successfully affording
ternary new chalcogenides AGasSg (A = K, Rb, Cs) in the
manner of [9ZnS = SZn," + 5Zn* = A* + 5Ga’']. These
compounds feature diamond-like anionic frameworks, in which
tetrahedral GaS; units are arranged in parallel fashions, leading
to large phase-matching SHG responses of 1.1-1.2 times that of
the benchmark AgGaS,. The presence of the strongly electro-
positive A* cations increases the band gap to 3.10-3.37 eV,
which facilitates the boosting of the LIDT to more than ~10-fold
that of AgGaS,. Thus, balanced property requirements, such as
large phase-matchable NLO coefficient (>1.0 x AgGaS,), wide
band gap (>3.0 eV) and broad transmittance ranges, are fully
satisfied. Compounds 1-3 are promising IR NLO materials, and
studies on the growth of bulk single crystals are ongoing. This
research provides a feasible method for designing new ternary
diamond-like NLO materials with strong NLO responses and
wide band gaps.
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