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a b s t r a c t

It is challenging to cooperatively improve the nonlinear optical (NLO) efficiency and the laser-induced

damage threshold (LIDT). This work reports a novel IR NLO materials CsInP2S7 (CIPS) designed by

combination the strategies of alkali metals substitution and microscopic NLO units PS4 introduction

based on AgGaS2. CIPS was composed of strongly distorted [InS6]
9- octahedra and [P2S7]

4- dimers con-

structed by corner-sharing [PS4]
3-, which increase the NLO efficiency and decrease thermal expansion

anisotropy simultaneously. Compared with AgGaS2, CIPS exhibited strong phase matchable NLO response

ca. 1.1×AGS@2.1 μm, high LIDT ca. 20.8×AgGaS2, and IR transparency up to 15.3 μm. Structural analysis

and theoretical investigation confirmed that large SHG effect and ultrahigh LIDT of CIPS originated from

the synergistic contribution of [InS6]
9- octahedra and [P2S7]

4- dimers. These results indicate that CIPS is

a promising NLO candidate in the mid-IR region, and this study provides a new approach for developing

potential NLO-LIDT compatible materials.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

To release medical diagnostics, atmospheric detection, laser

guidance and laser telecommunications, coherent tunable lasers

in the mid-IR region (2–20μm) are very necessary [1,2]. Infrared

nonlinear optical (IR NLO) materials can convert near IR light to

mid-IR band via frequency down-conversion, which play important

roles in solid state laser technology [3]. However, the commercially

available middle-IR (MIR) NLO crystals are relatively rare. Notably,

AgGaS2 (AGS), AgGaSe2 and ZnGeP2, featuring large NLO coeffi-

cients, are the only available commercial IR NLO materials [4–6].

Nonetheless, they still suffer from intrinsic defects such as harm-

ful two-photon absorption (TPA) of ZnGeP2 and low laser-induced

damage thresholds (LIDTs) of AGS and AgGaSe2, which severely

limit their high-power laser applications. As a result, they cannot

achieve a good balance between large second-harmonic generation

(SHG) and high LIDT. Therefore, systematic explorations of new IR

NLO materials to realize NLO-LIDT compatible have become a re-

search hot-spot.
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Alkali-metal possess high electro-positivity and large ionic ra-

dius. When alkali-metal was introduced into a compound, the

band gap and local structure distortion of this compound will in-

crease [7,8]. Therefore, alkali-metal atoms substitution is a com-

mon regulation strategy for IR NLO materials to increase prop-

erties, such as Rb10Zn4Sn4S17 (NLO response: 0.7×AGS; LIDT:

5×AGS) [9]. In addition, introduction of NLO active units or com-

plex coordinated functional groups is a good strategy to dis-

cover new materials whose NLO efficiencies and LIDTs are bal-

anced [10–19]. Among numerous active units, PS4 has short

P-S bond length and small volume, and PS4 units can form

other active NLO units such as edge-sharing P2S6 [20]. More-

over, thiophosphates possess wide IR transparency ranges, such as

Hg3P2S8 (NLO response: 4.2×AGS@2.09μm, optical transmitting

range: 0.45–16.7 μm), Eu2P2S6 (0.9×AGS@2.1 μm, 0.49–15.4 μm),

AgGa2PS6 (1×AGS@2.1 μm, 0.60–16.7 μm), thus attracting exten-

sive attention [13,21,22].

In this work, a new compound CsInP2S7 (CIPS) was obtained

by combination the strategies of alkali metals substitution and mi-

croscopic NLO units PS4 introduction based on AgGaS2. Ag
+ was

replaced by Cs+ cation and PS4 unit was introduced to replace S

site. In order to maintain structural stability, In3+ cation with flex-
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Fig. 1. (a) Schematic diagram of the structural evolution from AgGaS2 to CsInP2S7.

(b) 2D [InP2S7]
- anionic framework of CIPS, Cs+ cations are filled in the interlayer

space. (c) [InP2S11]
9- ring in red circle and [P2S7]

−
∞ layer in the ab plane.

ible coordination number (4, 6, and 8) was introduced to coordi-

nate with S atoms of [PS4]
3- (Fig. 1a). The CIPS exhibits a wide

optical transmittance in the range of 0.414–15.3 μm, strong phase-

matchable NLO response ca. 1.1×AGS@2.1 μm, and high LIDT ca.

20.8×AGS. Through the structural analysis and first-principles cal-

culations, the origin of optical properties from cooperation of the

[InS6]
9- and [P2S7]

4- groups was revealed. It was proposed that

alkali metals substitution combined with microscopic NLO units

introduction based on known mother materials could be a new

method for materials design, which could maintain the original

structural framework with large effects and modulate the LIDT per-

formance.

Light yellow plate-like crystals of CIPS were obtained through

solid-state reaction with mixture containing In, P2S5, S, and CsCl

at 1223K (see detailed description in Supporting information). The

powder X-ray diffraction (PXRD) pattern matches well with the

calculated results based on single-crystal XRD analysis (Fig. S1 in

Supporting information). The corresponding crystallographic data

are summarized in Tables S1–S3 (Supporting information). Energy

dispersive spectroscopy (EDS) analysis confirms the presence of

Cs, In, P, and S elements with the approximate molar ratio of

1:1:2.02:6.97 (Fig. S2 in Supporting information), which is consis-

tent with the single-crystal XRD analysis.

CIPS crystallizes in the Non centrosymmetric monoclinic space

group C2 (No. 5) and features a 2D [InP2S7]
- layer with Cs+

cations filled in the interlayer space (Fig. 1b). The [InS6]
9- octa-

hedra and the [P2S7]
4- dimers share S2 atoms to form [InP2S11]

9-

rings (Fig. 1c). The [InP2S11]
9- rings connected to another one via

edge-sharing and then form the 2D [InP2S7]
- anionic framework.

To maintain charge balance, Cs+ cations get filled in the inter-

layer space. The In−S bond lengths in the [InS6]
9- polyhedra range

from 2.587(3) Å to 2.686(3) Å (Fig. S3a in Supporting information),

which are in accordance with CuInP2S6 [23]. The P-S bond lengths

in [P2S7]
4- dimers, ranging from 2.007(5) Å to 2.142(3) Å (Fig. S3b

in Supporting information), are close to those in SnPS3, Zn3P2S8
[24,25]. The distances between Cs and S in [CsS10]

19- polyhedra

range from 3.533(3) Å to 4.062(3) Å (Fig. S3c in Supporting infor-

mation), comparable to those in CsVP2S7 [26].

Details of the structure evolution from AGS to CIPS were shown

in Fig. S4 (Supporting information). The red-line circled part (A)

and blue-line circled part (B) in the structure of CIPS correspond

to an infinitely extended [InP2] layer and [CsInP3] layer (Figs. S4b

and c), which is highly similar with the red-line circled part (Aˈ)

Table 1

Thermal expansion coefficients αL (× 10–5 K−1) of the a, b, and c axis, and the

thermal expansion anisotropy.

Coefficient CIPS AGS

αL(a) 0.66 3.08

αL(b) 1.44 3.08

αL(c) 0.39 −9.16

TEAa 0.84 1.60

a TEA= |αa − αb| + |αa − αc | + |αb − αc |
|αa |+|αb|+|αc | [38].

and blue-line circled part (Bˈ) in the structure of AGS, respectively

(Figs. S4e and f). Compared with the two isolated four-connected

S atoms in AGS, the PS4 units in CIPS are linked to form [P2S7]
4-

dimers due to the introduction of the strongly distorted [InS6]
9-

octahedron, which makes CIPS with alkali metal inherit the effec-

tive framework from AGS, and still brings about the effective su-

perposition of microscopic second-order nonlinear susceptibility.

The Rietveld refinement against the PXRD patterns of the sam-

ples used for SHG response evaluation on dry powder reveals that

almost no impurity is involved, and this confirms that the mea-

sured result is intrinsic property of CIPS (Fig. 2a). According to the

TG-DTA result, CIPS starts to lose weight significantly at around

192 °C, corresponding to the decomposition (Fig. S5 in Supporting

information). CIPS exhibits typical phase-matching behavior, i.e., a

tendency to increase gradually to platform of SHG intensities with

the increase in particle size (Fig. 2b). The SHG response of pure

polycrystalline dry CIPS powder (Fig. 2c) was measured using a Q-

switch laser (2.1 μm), and AGS was used as the Ref. [27]. More-

over, the SHG efficiency of CIPS is ∼1.1×AGS at the largest parti-

cle size range of 200–250μm. Such SHG responses are moderate

compared with other promising IR-NLO chalcogenides, including

LiZnPS4 (0.8×AGS), Sn7Br10S2 (1.5×AGS), and LaBS3 (1.2×AGS)

[28–30]. Hitherto, some thiophosphates (Table S4 in Supporting in-

formation) with good NLO performances were studied. However,

most of them are formed with [PS4]
3- units and [P2S6]

4- dimers,

except for Rb2Ga2P2S9 (0.1×AGS) with [P2S7]
4- dimers [31].

The experimental Eg of CIPS was deduced from the UV–vis–

NIR transmittance spectrum to be 3.0 eV (Fig. 2d), larger than

that of the commercial AGS (2.56 eV) and enough to get away

from the drawback of TPA (2.33 eV, 532nm). The IR cutoff edge

of CIPS was verified by IR transmittance spectra, and it was mea-

sured to be about 15.3 μm, which covers two atmospheric win-

dows of 3–5 and 8–12μm. Several absorption peaks are present

at 8–11μm in the IR transmittance spectra, which is possibly

caused by multi-phonon absorption and the similar phenomenon

is also found in Hg3P2S8 and CuZnPS4. Therefore, CIPS shows a

transparency of 0.414–15.3 μm, superior to that of the commer-

cial mid-IR NLO crystals of AGS (0.48–11.4 μm) and similar to the

other reported thiophosphates, such as CuHgPS4 (0.54–16.7 μm)

and CuZnPS4 (0.43–16.5 μm) [21,32,33].

Corresponding to the larger band gap, the LIDT is always higher.

Through the evaluation of LIDT, CIPS shows 20.8 times higher LIDT

than AGS (Table S5 in Supporting information), which is consistent

with the general observation that the Eg and LIDT are somewhat

positively correlated. Apart from the influence of band gap, mate-

rials with a smaller thermal expansion anisotropy (TEA) could suf-

fer greater thermal shock due to the temperature increase under

laser irradiation and exhibits higher LIDT [34]. Fig. 3a shows the

unit-cell variations in parameters of CIPS as a function of temper-

ature by in situ PXRD characterization in the range of 293–473K.

Based on these data, the TEA of CIPS (0.84) is smaller than that

of AGS (1.60) (Table 1). According to the above-mentioned struc-

tural analysis, the two S sites in AGS are isolated without inter-

action, so that AGS exhibits negative thermal expansion (NTE) be-

haviors along c direction. However, in CIPS, the S sites are replaced

with two [PS4]
3- units linked with S to form [P2S7]

4- dimers and
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Fig. 2. (a) Rietveld refinement for the powder X-ray diffraction pattern of CIPS. (b) SHG signals of CIPS and AGS for particle sizes of 200–250μm. (c) The size-dependent

SHG responses of CIPS and AGS when irradiated by a 2.1 μm laser. (d) UV–vis–NIR diffuse reflectance spectra and FT-IR spectra for CIPS.

Fig. 3. (a) Comparison of LIDT among NLO thiophosphates. (b) Temperature-dependent lattice parameters of CIPS.

possesses the interaction along a direction, which prevents CIPS to

have NTE capability and reduces the TEA of CIPS, leading to signifi-

cant increase in LIDT value. The LIDT of CIPS is better than or com-

parable with those of the recently reported distinguished IR-NLO

chalcogenides, such as SnI4·(S8)2 (16.4×AGS), Ga2Se3 (16.7×AGS),

and Na2Ga2GeS6 (18.1×AGS) [35–37]. Such an ultrahigh LIDT indi-

cates that CIPS may undergo high-power laser radiation and may

offer potential application prospects in the laser frequency conver-

sion system. Overall, comparison among NLO thiophosphates (Fig.

3b) indicates that CIPS is a promising IR NLO candidate.

To better understanding the relationships between structure

and property of CIPS, first-principles theoretical calculations, in-

cluding electronic structure, density of states (DOSs), and optical

property were performed. CIPS is an indirect band gap semicon-

ductor with a band gap of 2.01 eV based on theoretical calculation

result (Fig. 4a). The simulated value is slightly smaller than that

of the measured value (3.0 eV) originating from the intrinsic draw-

backs of the PBE functional. Fig. 4b exhibits the total density of

state (TDOS) and the partial density of state (PDOS) curves. The

upper region of valence bands (VBs) is primarily derived from P

3p, S 3p, and In 4p orbitals, while the bottom part of conduction

bands (CBs) mainly consists of P 3s3p, S 3p, and In 4s orbitals. It

indicates the existence of strong covalent interactions among In,

P, and S atoms. This result reveals that the electronic states close

to the Fermi level are mainly contributed by [InS6]
9- and [P2S7]

4-

units. The optical property of a crystal principally arises from the

electron transition across the forbidden bands, as a result, the SHG

efficiency mainly originates from synergistic interactions between

[InS6]
9- and disordered [P2S7]

4- units.

CIPS crystallizes in the C2 space group and exhibits four (χ14,

χ21, χ22, and χ23) independent non-zero SHG tensors accord-

ing to the Kleinman’s symmetry rule. The SHG tensors χ14, χ21,

χ22 and χ23 were calculated to be 16.43, 20.19, 16.89, and −4.74

pm/V, respectively, which agree well with the results of SHG mea-

surement. To unveil the main contribution in generating the SHG

effect, the SHG-density analysis was conducted. Fig. 4c and Fig.

S6 (Supporting information) exhibit that SHG-weighted electronic

clouds are mostly localized on [InS6]
9- and [P2S7]

4- units, while no

SHG density occurs around Cs+ cations. It confirms that the SHG

response originates from the [InS6]
9- and [P2S7]

4- units, match-

ing the conclusion of electronic structure analysis. The birefrin-

gence index �n of CIPS are 0.10@1064nm and 0.094@2100nm (Fig.

4d), which meets the requirements of moderate birefringence �n

(∼0.03–0.10) [39]. Noteworthy, this moderate �n could achieve its

phase matching capacity in the mid-IR region, which is consistent

with the experimental results.

Simultaneously, the structure of CIPS (1.1×AGS) is comparable

with that of Rb2Ga2P2S9 (0.1×AGS), which also contains [P2S7]
4-

dimers, thus it can be used to better comprehend the role of ge-

ometry distortion of [InS6]
9- and [P2S7]

4- dimers to improve NLO

properties. Herein, it is observed that the basic unit of Rb2Ga2P2S9
is a derivative adamantane-like [Ga2P2S10]

4- cluster, which is the

combination of two [GaS4]
5- tetrahedron and [P2S7]

4− dimer (Fig.

S7 in Supporting information). It is found that [P2S7]
4- dimers
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Fig. 4. Theoretical calculation results for CIPS. (a) Band structure. (b) The TDOS and PDOS of CIPS. (c) SHG-density maps of CIPS. (d) Calculated birefringence curve.

adopt a highly twisted conformation in the CIPS (29.347°) due to

the increase in coordination of In3+ inducing the torsion of [PS4]
3-

unit (Fig. S8 in Supporting information). The large calculated dipole

moments of [InS6]
9− octahedra and [PS4]

3− tetrahedral in CIPS also

prove the strong geometry distortion (Table S6 in Supporting in-

formation). Combination of theoretical calculations and structure

analysis shows that the coupling of strong distortion [InS6]
9- oc-

tahedron and highly twisted [P2S7]
4- dimers in CIPS significantly

contributes to SHG response. It is similar with the situation that

the more distorted [P2O7]
4- dimers in the high-temperature phase

of RbNaMgP2O7 exhibit larger SHG response than that in the low-

temperature phase [40].

In summary, CIPS was obtained through high-temperature

solid-state method. CIPS is a potential NLO material with balanced

performance in the MIR region, which is well verified by the ex-

perimental results, including a strong phase-matchable SHG re-

sponse of 1.1×AGS, and large laser-induced damage threshold of

20.8×AGS. Structural analysis and theoretical calculations results

show that the coupling of [InS6]
9- octahedra and [P2S7]

4- dimers

make a synergistic contribution to the superior NLO performance.

Alkali-metal ion Cs+ enlarge the band gap and the interaction be-

tween [InS6]
9- and [P2S7]

4- reduce the TEA, which leads to the

large LIDTs. This study coupled multiple strategies and design a po-

tential high-performance thiophosphates CIPS, which provide new

means for the design of NLO-LIDT compatible materials.
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