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ABSTRACT: Design and exploration of high-performance nonlinear optical
(NLO) materials have long been sought with the goal of tunable local
structures and NLO properties for advanced laser technology. Thus far, the
design strategies for second-order NLO materials have been mainly focused
on anionic groups that have made great progress in the development of new
NLO compounds. However, few studies have focused on the effects of
cationic components and their contributions to NLO properties have long
been underappreciated and remain unclear. Here, by introducing pressure to
continuously tune the Cu displacement, we demonstrate the significant role
of the cationic configuration in NLO properties, and a remarkable
enhancement by one order of magnitude in second-harmonic generation
(SHG) has been achieved at 3.4 GPa in thiophosphate CuInP,S, (CIPS). In
situ high-pressure structural characterization indicates that Cu cations move
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from the van der Waals edge to the cages of S¢ octahedra during compression and subsequently form highly distorted [CuSg]
octahedra at 3.2 GPa. We quantitively demonstrate the contributions of cationic displacement on the octahedral distortion and
interband dipole moments, which dominate optical nonlinearity and determine the enhanced SHG. This work deepens the
fundamental understanding of the relationship between cationic displacement and SHG properties, thus providing new paths to

NLO material design by optimizing the cationic configurations.

Bl INTRODUCTION

Nonlinear optical (NLO) materials are of great importance in
laser science and optical communications owing to their
capability to convert light energy and produce coherent
sources.' " Over the past few decades, enormous efforts have
been made to improve second-order NLO properties by
increasin§ the nonlinear polarizability of NLO-active anionic
groups.”® The structural characteristics of these NLO-active
units have been revealed to be noncentrosymmetric and locally
distorted, which contribute to high second-harmonic gen-
eration (SHG).”® Following these clues, many design
strategies based on anionic groups have been developed,
such as increasing off-centering distortion in anionic
octahedra,”"’ introducing planar z-conjugated or distorted
tetrahedral anionic group,'"'” and partially substituting
isovalent anions.'>'* However, the structural design and
optimization of cationic moieties have long been ignored and
the role of cation modification is underappreciated, which limit
the further development of high-performance NLO materials.
To this end, suitable material systems are needed in
combination with effective regulation and advanced in situ
characterization methods.

Noncentrosymmetric layered thiophosphates (LTPs), with
tunable two-dimensional (2D) structures, are promising
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candidates for SHG applications.'””™"” The relatively low
oxidation states of metal cations in the rigid [P,S4]*"
framework usually exhibit off-centering distortion, which is
responsible for the microscopic second-order nonlinear
susceptibility."> Remarkably, the cationic positions can vary
in a certain range without changing the overall structures in
LTPs, making it possible to finely tune the local structural
distortions."* "> Moreover, the van der Waals (vdW) layered
structure with weak interlayer bonding gives a higher tunability
of polarization and also an additional space for distortion
tolerance. Such tunable and flexible structures offer a rare
opportunity for regulating and optimizing the cation displace-
ment and thus provide an avenue to achieve enhanced or
emergent SHG properties. Alternative to traditional chemical
or physical methods such as doping or strain, pressure provides
an effective means to adjust atomic interactions meanwhile
coupled with in situ physical property characterizations.”>™>’
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Applying high pressure to these LTPs could enable the
continuous tuning of their cationic displacement, the degree of
local distortion, and the polarization of optically active
structural units in a controlled manner.

We select a typical noncentrosymmetric vdW CulnP,S4
(CIPS) as the prototype and introduce pressure to regulate
the Cu displacement and the local distortions. A recent study
by Lu et al. provides exciting findings by extending strain-
induced nanoengineering to enhance the SHG properties of
CIPS, which indicates the significant role of local structures in
SHG properties.'” Understanding the relationship between
local structures and SHG is thus highly desirable but
challenging since the structures of wrinkled nanostructures
are hard to be characterized. In this work, using in situ high-
pressure diagnostics and theoretical simulations, we systemati-
cally investigated the relationship between SHG properties and
the local configuration of Cu cations. Pressure processing
continuously regulates the Cu displacement from the vdW
edge to the cage formed by six S atoms and subsequently
formed distorted [CuSg] octahedra, which causes significant
enhancement in SHG response. With the help of first-
principles calculations, we elucidate the relationship between
the distorted Cu cationic coordination and dipole moments
and further reveal the effects on SHG properties.

B EXPERIMENTAL SECTION

Synthesis. Copper powder (Aladdin, 99.9%), indium powder
(Aladdin, 99.99%), red phosphorus lump (Aladdin, 98.5%), and sulfur
powder (Aladdin, 99.95%) were weighed in accordance with a
stoichiometric ratio of 1:1:2:6. The raw materials were put together
and sealed in a fused quartz tube under high vacuum (~107° Pa). The
tube was then heated to 600 °C over 12 h and soaked for 10 days in a
muffle furnace to fabricate polycrystalline CIPS bulk. High-quality
CIPS single-crystal flakes were fabricated by the chemical vapor
transport method. The as-synthesized polycrystalline bulk (3 g) and
transport agent I, (50 mg) were put at the bottom of a tube. The tube
was sealed as before, placed, and heated in a two-zone furnace with
680 and 750 °C for 7 days. The bottom of the tube was placed in the
hot zone. After the transport process, yellow crystals were obtained in
the cold zone.

In situ High-Pressure Characterizations. High-pressure experi-
ments were performed under static pressure conditions with diamond
anvil cell (DAC) equipment. Type II-a ultralow fluorescence
diamonds were used in the optical experiments. The pressure was
determined by the ruby fluorescence method.”®

X-ray Crystallography. The in situ powder X-ray diffraction
(XRD) at high pressures was carried out at the experimental station
13 BM-C (GSECARS) of Advanced Photon Source (APS), Argonne
National Laboratory (ANL). The X-ray beam was monochromated
with silicon 311 crystal to 28.6 keV (0.434 A), with 1 eV bandwidth.
A MARI6S charge-coupled device (CCD) detector (Rayonix) was
used, and the ambient LaB4 powder was used to calibrate the distance
and tilting of the detector. Silicone oil was used as the pressure-
transmitting medium.”” The diffraction patterns were collected by the
MarCCD detector and integrated using Dioptas software.’® Rietveld
analyses of the powder XRD data were performed using Fullprof
software.’" The in situ single-crystal XRD (SXRD) at high pressures
was carried out at a Bruker D8QUEST diffractometer equipped with
Ag Ka radiation. Suitable single crystals in DACs were chosen to
perform the data collection. Neon was used as the pressure-
transmitting medium. The diffraction data were collected at room
temperature only by the @-scan method at three fixed 26 (—20, 0, and
20°). Eight runs were collected, and an exposure time of 60 s for each
diffraction frame was used for higher completeness. The crystal
structures were solved and refined using the APEX3 program.*”
Absorption corrections were performed to use the multiscan method
(ASDABS). The monoclinic phase around 2 GPa and the trigonal

phase after the phase transition were determined by the SXRD (Table
S2). Then, we used the structural information resolved from SXRD
results to refine the powder XRD patterns. The fitting of the
pressure—cell volume (P—V) curve used the third-order Birch—
Murnaghan equation of state’®
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where V| is the initial volume, V is the deformed volume, By is the
isothermal bulk modulus with respect to pressure, and B’ is the
derivative of the bulk modulus with respect to pressure. The quadratic
elongation parameter 4 was used to characterize the local structural
distortion of octahedra®*
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where d; is the Cu—S bond lengths and d, is the mean Cu—S bond
distance. According to the equation, for an ideal octahedron without
distortion, 4 = 1.

UV-vis—NIR Absorption Spectroscopy. Absorption spectra
were collected using a Xeon light source between 300 and 1100 nm.
The absorption spectra and optical images were measured in a home-
designed spectroscopy system in a microregion (Gora-UVN-FL, built
by Ideaoptics). Silicone oil was used as the pressure-transmitting
medium. The @* vs the hv curve was extrapolated to determine the
band gap.”

Raman Spectroscopy. Raman spectra were measured on a low-
wavenumber Renishaw Raman microscope using a 532 nm laser.
Neon was used as the pressure-transmitting medium. We also
investigated the phonon vibrational anisotropy of CIPS by angle-
resolved polarized Raman spectroscopy (ARPRS). The polarization
dependence of Raman was measured by sending the linearly polarized
excitation beam through a motorized achromatic half-wave plate, and
the signal was collected by rotating a motorized linear polarizer. The
Raman signal was calculated using the equation I le,Re 2> where
e, e, and R represent the polarization vectors of the incident light,
scattered light, and the Raman tensor, respectively.

Second-Harmonic Generation Measurement. SHG experi-
ment was measured in a home-designed optical system. A femto-
second laser (NPI LASER Co., Ltd., 1030 nm, 25 MHz, 200 fs) was
used as the exciting light source. A 20X objective was used to focus
the laser with a laser beam of 40 ym in diameter. A spectrometer
(Nova, Ideaoptics Co., Ltd.) was employed to collect the SHG signal.
Silicone oil was used as the pressure-transmitting medium. The
polarization-dependent SHG experiment was carried out by linearly
polarized light. The generation of the linear polarization was based on
rotating a half-wave plate. The linearly polarized light focused on the
surface of a high-quality single crystal, and the subsequently excited
SHG signal was detected by the spectrometer.

First-Principles Calculations. First-principles calculations were
performed using the Vienna Ab initio Simulation Package (VASP).
The structural relaxations were carried out using generalized gradient
approximation (GGA) implemented in the Perdew—Burke—Ernzer-
hof (PBE) method as the exchange—correlation function until the
total energies and forces converge to 107 €V and 0.01 eV/A,
respectively.”®*” The cutoff energy of the plane wave was chosen at
450 eV. The k-point grid of 8 X 4 X 4 was used for the conventional
cell. The high-symmetry points in the Brillouin zones were considered
in our band structure calculations. The following paths are Y(0 1 0) —
(0 0 0) — A(0.0 0.0 0.5) — M(0.0 1.0 0.5) — I'(0 0 0) in the
monoclinic phase. Crystal orbital Hamilton population (COHP)
calculations were computed using the LMTO package, and the
original basis set and its basic functions manage to reconstruct the
PAW electronic structure. Calculations of the optical properties
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Figure 1. Optical and SHG properties of CIPS at different pressures. (a) Selected UV—vis absorption spectra of CIPS single crystal under different
pressures. (b) Band gap evolution during compression and the optical images at selected pressures. (c) SHG spectra of CIPS collected at different
pressures. (d) SHG intensities as a function of pressure, showing a volcano shape. (¢) SHG spectra in the incident light of 1030 nm with different
laser power from 9.1 to 52.6 mW. (f) Linear fitting of power-dependent SHG intensities, showing a slope of 1.95.

described in terms of the complex dielectric function £(w) = e**(w) +
ie™(w) were made, in which £*(w) and &™(w) are the real and
imaginary parts of the dielectric function, respectively.*”*" The first-
order nonresonant susceptibility at the low-frequency region is given

by x(l)(w) = eRe(a))-l, and the second-order susceptibility can be
expressed in terms of the first-order susceptibilities as follows*”

ma_ (1) (1)
Nzesxii (w3))(;j

2wy @y @) = (@) ()

(©)

The m, e, and N are the electron mass, electron charge, and number
density of the atoms, respectively, and the parameter a represents the
nonlinear response.

B RESULTS AND DISCUSSION

Piezochromism and Pressure-Induced SHG Enhance-
ment. We first investigated the pressure-induced changes in
optical band gap using in situ ultraviolet—visible (UV—vis)
absorption spectroscopy. CIPS is a yellow crystal with a band
gap of 2.78 eV at ambient pressure.”” During compression, the
band gap slightly increases to 2.88 eV from 0 to 4.0 GPa, and
then, an abrupt drop with obvious color change occurs at §
GPa, which is caused by the noncentrosymmetric-to-
centrosymmetric structural phase transition (we will elaborate
on this later); after the transition, band gap narrows slightly
during further compression and decreases to 2.30 eV with dark
orange color at 14 GPa (Figure lab). To examine the
variations of optical nonlinearity, high-pressure single-crystal
SHG measurements under an excitation wavelength of 1030
nm were performed. During compression, a significantly
enhanced SHG response is observed, reaching the maximum

at 3.4 GPa, which is 10 times higher than that under ambient
conditions (Figure 1c,d). This SHG intensity is comparable to
that of KH,PO, (KDP) under ambient conditions (Figure S1),
which indicates a strong SHG response in CIPS under
pressure. The SHG intensity decreases rapidly during further
compression, and no signal can be detected over 5 GPa, the
same pressure corresponding to the abrupt band gap drop. The
SHG intensity of the released sample is the same as the initial
one (Figure S2), which indicates a reversible variation.

To further analyze the relationship between crystal
symmetry and SHG properties, the polarization-resolved
SHG measurements at different pressures were performed in
a parallel configuration (Figure S3). CIPS possesses a two-lobe
pattern under ambient conditions, which is consistent with
point groups C, crystal as reported before.”* As pressure
increases to 4.6 GPa, the two-lobe shape remains, which
demonstrates the same crystallographic space groups in CIPS
before 5 GPa (Figure S3). The polarization-resolved SHG
measurements indicate that such an enhanced SHG response
in CIPS is attributed to the evolution of local structures. In
addition, the excitation power dependence of the SHG peak
intensity in logarithmic coordinates is shown in Figure le. The
fitting slope shows no saturation and hysteresis behavior and is
close to the theoretical value of 2, agreeing well with features of
the second-order NLO process (Figure 1f).*”

Pressure-Induced Cationic Displacement and Phase
Transition. The enhanced SHG is believed to be correlated to
the pressure-driven evolution of the local structure. To
investigate the structural variations, in situ synchrotron X-ray

https://doi.org/10.1021/acs.chemmater.2c03066
Chem. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03066/suppl_file/cm2c03066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03066/suppl_file/cm2c03066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03066/suppl_file/cm2c03066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03066/suppl_file/cm2c03066_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03066?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03066?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03066?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03066?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials pubs.acs.org/cm

a b s e
D,
oa-gd-&-@% o%&o g:o o 0-8<9,9-8-0
~ ‘ |
I DR g Uz8~o
__,_L_J [ s H
(I —
Y —
’a __A_L.__J
Y S
S5
a [ S
@ Ll
2 H—
2
T S c 0 T d, 100 € & 210) B,= 25.1(8) GPa
= L4 g o) Nt Vo= 868.7(2) A
130 &0 ® nap| O e N 200+
| o 15 C\? g 095+ B i AV 559
L o : . S 190 - vy, Av=5.5%
N - E 12 AR /2 7 & oot 5 S
o 32 SR = -O- a/3 2 180} Q%
8 @ &Y S oesf 3 @
< 2 56 g [O-vabb, 8 1707co —= patm
909,(CPa)| 5 1 oy|-0-ckp £ 160F  B,£39.1(3)GPa ©
[ B R B R 101, . , ozo z —O-2c/5 S 150 Vo%212.4(5) A°
4 6 8 10 12 14 16 18 20 0 2 4 6 0 5 10 15 z 0 5 10 15
2Theta (degree) Pressure (GPa) Pressure (GPa) Pressure (GPa)

Figure 2. Pressure-induced structural variations of CIPS. (a) Synchrotron XRD patterns of CIPS at selected pressures. New peaks emerge at 5.6
GPa, which suggests a pressure-induced phase transition. (b) Crystal structures of CIPS at selected pressures. The Cu cations move from the vdW
edge to the octahedral cages. (c) Pressure-dependent variations of the quadratic elongation parameters A, where 1 describes the degree of Cu off-
centering distortions in the octahedra. (d) Cell parameters and (e) unit cell volume as a function of pressure. The volume collapses (AV = 5.5%)
after the phase transition are owing to the abrupt shrinkage of the ¢ axis (Ac/cy = 6.4%). The values of bulk modulus B, were determined to be
25.1(8) and 39.1(3) GPa in the monoclinic (Cc) and trigonal (P31m) phases, respectively.
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Figure 3. Variations of local structure and phonon vibrational anisotropy of CIPS under pressure. (a) In situ Raman spectra of CIPS at selected
pressures. (b) Pressure dependence of the Raman-active modes of the [P,S¢] framework and cation vibrations. (c) False-color plot of polarized
Raman intensities of CIPS measured in parallel polarization configurations at 0 and 6.7 GPa. (d) Normalized Raman polar plots of the P, peak at 0
and 6.7 GPa. The red lines are the fits using the complex Raman tensors (details in the Supporting Information).

diffraction (XRD) was conducted under high pressures was reported that CIPS possesses a typical 2D layered

(Figures 2a, and S4 and Table S1). As pressure increases, all structure of Cc noncentrosymmetry under ambient condi-
Bragg diffraction peaks shift to higher two-theta angles due to tions.”’ Each layer contains a sulfur framework with the
the lattice contraction. When the applied pressure reaches 5.6 octahedral cages filled by a void, In, and P—P units (left panel
GPa, some of the peaks weaken and new peaks emerge, of Figure 2b).">*" Cu exists in the edge of the unfilled sulfur
implying the occurrence of a phase transition (Figure 2a). It octahedron. After the pressure-induced phase transition, the
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Figure 4. Theoretical calculation results and the origin of enhanced SHG. The calculated electronic structures of CIPS at (a) ambient pressure and
(b) 3.2 GPa. Frequency-dependent second-order susceptibilities (¥;,) at (c) 0 and (d) 3.2 GPa. (¢) COHP curves at 0 and 3.2 GPa. (f) Pressure-
dependent variations of the dipole moment (u). With the increase of y value, the SHG response strengthens.

trigonal P31m centrosymmetric structure was determined by
analyzing high-pressure single-crystal XRD (Table S2), where
the Sy octahedral cages are respectively occupied by Cu/In and
P—P units (right panel of Figure 2b). The slip of layers in CIPS
during compression leads to the mixed site occupation of Cu/
In atoms and the lower deformation of the [P,Ss] framework
after the phase transition is attributed to the strong covalent
bonding of P—P and P-S.'"* Comparing these two
structures, one can see a noticeable change in the coordination
environment of Cu (Figure 2b and Table S3). Such an
obviously different local structure suggests that there exists a
dynamic displacement of Cu cations from the vdW edge to the
octahedral cage during compression. Notably, the displace-
ment of Cu cations modulates the octahedral distortion, which
can affect local polarization and SHG response. To describe
the degree of such structural distortion, we introduce the
octahedral quadratic elongation parameter (4).** The 1 value is
1.35 under ambient conditions, where Cu is located in the
edge of sulfur octahedra (Figure 2c). With the migration of Cu
cations, the A value decreases to 1.05 at 3.2 GPa. Meanwhile,
the resulting [CuSs] octahedra exhibit an off-centering
distortion, which contributes to the enhanced SHG response.
The A value further decreases to 1 after the phase transition
over 5.6 GPa, indicating that the off-centering distortion is
suppressed with no SHG response that can be detected.

The pressure-induced variations of lattice parameters and
unit cell volume are shown in Figure 2d,e, and Table S1. The
monoclinic phase shows large anisotropic compressibility,
where the ¢ axis shortens more rapidly than the a and b axes
(Figure 2d). Such anisotropic compressibility can cause swing-
like Cu vibration in the [CuS;] tr1§0na1 plane, which is
favorable to Cu cationic migration. Thus, when applying
pressure, Cu plays strong out-of-plane vibration along the ¢
direction and subsequently moves away from the vdW edge to
the octahedral cage (Figure 2b). Figure 2e shows a dramatic

reduction of unit cell volume after the phase transition (AV =
5.5%), which is consistent with the abrupt shrinkage of the ¢
axis (Ac/c, 6.4%). The phenomenon suggests that the
volume collapse is mainly attributed to the moveable Cu
cations, which fill up octahedral voids and lead to denser layers.
The values of bulk modulus B, were 25.1(8) and 39.1(3) GPa
before and after the phase transition, respectively.*®

Local Structure Evolution and Anisotropic Vibration
under Pressure. To further elucidate the behavior of the Cu
cation displacement and its interplay with the framework, we
examined the evolution of local structures by employing in situ
Raman spectroscopy (Figures 3a,b, SS and S6). The P,, P,, and
P, modes are associated with cationic vibrations. Thereinto,
the P, mode is identified as the out-of-plane vibration of Cu
(Figures 3b and §5). 9% 1t disappears over 3.1 GPa, suggesting
the considerable changes in the vibration and coordination
environment of Cu (Figure 3b). Such a change is consistent
with the XRD results, which confirm the change of the
coordination environment from the [CuS;] trigonal plane to
[CuS4] octahedra. The P, and P4 modes are assigned to the
asymmetric stretching vibration of In—S and Cu—S$ bonding,
respectively, which 2Presents an off-centering position in the
octahedral Sg cage.*”*’ The disappearance of these peaks (P,
and P modes) after the phase transition indicates a regular
octahedral coordination (Figure 3b). On the other hand, the
bending and stretching vibration modes of the [P,S]
framework are related to the Raman peaks of P,, Ps, P, and
P; (Figures 3b and $6)."** The P; mode corresponds to
anion deformation, which is closely relevant to distortions of
the Sq cage.*® The dramatic variations of P3, P, and P5 modes
take place at 5.4 GPa, owing to the noncentrosymmetric-to-
centrosymmetric phase transition, whereas the P, and Py
modes remain after the phase transition, which confirms a
rigid [P,S¢] framework in CIPS. Upon decompression, the
Raman modes of the released CIPS are the same as those

https://doi.org/10.1021/acs.chemmater.2c03066
Chem. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03066/suppl_file/cm2c03066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03066/suppl_file/cm2c03066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03066/suppl_file/cm2c03066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03066/suppl_file/cm2c03066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03066/suppl_file/cm2c03066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03066/suppl_file/cm2c03066_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03066?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03066?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03066?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03066?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

under ambient conditions (Figure S7), which indicates a
reversible phase transition during the compression—decom-
pression cycle.

Due to the noncentrosymmetric space group Cc, the phonon
vibration of CIPS is anisotropic before the phase transition.
ARPRS was performed to investigate the phonon vibrational
anisotropy. Under ambient conditions, P, and P4 modes
demonstrate A’-like vibrations and show weak 4- and 2-fold
periodic patterns in parallel and perpendicular polarization
configurations, respectively, while the other Raman modes
demonstrate A”-like vibrations and exhibit 4-fold patterns in
both polarization configurations (Figures 3c and S8). The
ARPRS results show two different types of anisotropic
vibration in CIPS, where cations tend to vibrate out of the
ab plane (A’ mode) but the framework is likely to vibrate
within the ab plane (A” mode).** Thus, taken together with
swing-like Cu vibration in [CuS;], it is no doubt that Cu
cations are much easier to migrate out of the ab plane under
pressure. As the pressure reaches 6.7 GPa, all peaks in the
P31m space group show 4-fold patterns in both parallel and
perpendicular polarization configurations (Figures 3c and S8).
To explain these polarization configurations, the intensity of
the Raman signal can be expressed as the equation I o |
eRe/****"Figures 3d and S9 show the polar plot of the P,
Raman position in parallel and perpendicular polarization
configurations (details in the Supporting Information). The
fitting results confirm that CIPS belongs to the C, point group
under room conditions and the Dj; point group at high
pressure. The phase transition leads to the disappearance of
out-of-plane vibrational modes of cations (Figure 3c),
indicating isotropic vibration of cations and framework in
CIPS under high pressure.

Theoretical Calculations and the Origin of Enhanced
SHG. By analyzing the NLO performance and local structure
of CIPS, we have demonstrated the effects of Cu cationic
displacement on SHG response. To get more insights into a
comprehensive cognition of the relationships between these
local structures and optical nonlinearity, we investigated the
SHG properties of CIPS using first-principles calculation. The
electronic band structures show that both valance band
maximum (VBM) and conduction band minimum (CBM)
are located at I point (Figure 4a,b), indicating that CIPS is a
direct band gap semiconductor. VBM is mainly composed of S
3p and Cu 3d states, while S 3p and In Ss contribute to CBM.
The splitting of Cu—S states at 3.2 GPa is owing to the off-
centering distortion of [CuS4] octahedra, which eliminates
band degeneracies below the VB band.’® The calculated
frequency-dependent second-order susceptibilities (y;,) are
shown in Figure 4¢,d. CIPS belongs to the C, point group with
six nonvanishing second-order susceptibility tensors under
Kleinman symmetry (y11, X1 X13 X1s) Xo4 a0d 1 33)'3l Under
ambient conditions, the six independent second-order tensors
are 13.2, 13.0, 2.3, 5.5, 5.5, and 1.1 pm/V at the excitation
wavelength of 1030 nm (1.24 eV). They increase to 17.3, 17.3,
5.1, 9.5, 9.5, and 2.7 pm/V at 3.2 GPa, indicating a stronger
SHG response. Such a result confirms that the contributions of
cationic displacement on octahedral distortion enhance the
SHG response.

To get a deeper understanding of the origin of the enhanced
SHG response, we calculated the crystal orbital Hamilton
population (COHP) and dipole moments (x).>*~>> The
analysis of COHP curves reveals that the antibonding states of
Cu—S are mainly dominated in the valence bands near the

Fermi level (Figure 4e). The hybridization between Cu and S
around the Fermi level means a strong interband dipole and a
high possibility of quantum transition between valence and
conducting bands, which is beneficial to the SHG response.
The u values of Cu—S units at different pressures are shown in
Figure 4f. The Cu—S bonds (3.08 A at 3.2 GPa) are longer
than the sum of the Shannon crystal radii for a six-coordinated
Cu™ (091 A) and $> (1.70 A) but shorter than the
corresponding vdW distance of 3.20 A, and should be taken
as an indicative of weak bonding interactions.””>” Cu
coordination changes from the CuS; trigonal plane to
[CuSs] octahedra at 3.2 GPa. The p value is 0.84 Debye
under ambient conditions. As pressure increases to 3.2 GPa, p
in both coordination shows larger values than that under
ambient pressure, indicating a stronger local polarization
caused by the Cu displacement. Such an increased local
polarization contributes to the enhancement of SHG response.
Above 3.2 GPa, pressure pushes the Cu atoms toward the
center of the [CuSy] octahedron, forming less distorted
octahedra. This process reduces the dipole moment and
weakens the local polarization, resulting in a considerable
decrease of SHG.

B CONCLUSIONS

In conclusion, using pressure to regulate the cationic
configuration, we have achieved a 10-fold boost of SHG
response in a vdW CulnP,S4 crystal. Both in situ synchrotron
XRD and polarized Raman spectroscopy indicate the
anisotropic compression of CIPS, which leads to Cu cationic
displacement from the vdW edge to the octahedral cage. This
process generates highly distorted [CuS4] octahedra at 3.2
GPa, giving rise to the significant enhancement of SHG. The
distortion is suppressed under further compression and finally
results in a Cc to P31m phase transition, corresponding to the
weakening and eventual disappearance of SHG. In combina-
tion with first-principles calculations, the contributions of Cu
cationic displacement on the octahedral distortion and
interband dipole moments were quantitively demonstrated.
The distorted local structure formed by cationic displacement
gives strong polarization and a high dipole moment,
determining the enhanced SHG. Our work demonstrates the
significant contributions of cationic configuration in NLO
materials, which have long been underappreciated. The
findings presented here open a new pathway to design and
optimize advanced NLO materials by modifying the local
structures from the point of view of cationic configurations
using the methods, such as chemical tailoring (e.g, cationic
doping), interfacial engineering, and straining engineering.
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