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Enhancement of the nonlinear optical (NLO) output power of lasers requires urgent development of an
NLO crystal with a significant second-harmonic generation (SHG) response and sufficient birefringence
for phase-matching capability; however, simultaneously optimizing these two key parameters remains a
great challenge. In contrast to traditional single-anion units, the stereochemically-active lone pair Sb** ion
is coordinated by S*>~ and I~ ions to yield the mixed-anionic SbSI chalcohalide that can enhance hyper-
polarizability and anisotropic polarizability concurrently. As anticipated, SbSI exhibited the largest SHG
response (5.7 x AgGaS,@1.91 uym) among phase-matching Sb-based sulfides, the favorable laser-induced
damage threshold (LIDT, 2.3 x AgGaS,@2.09um), and the giant calculated birefringence (0.62@1.91 pm).
Structural analysis and computational simulations indicate that the highly polarizable mixed anion deter-
mine the enormous SHG response and birefringence.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Second-order mid- and far-infrared (IR) NLO crystals that play a
crucial role in solid-state lasers generate of output spectral ranges
previously inaccessible in various fields, such as medical treat-
ment, information storage, laser guidance, and precision micro-
manufacturing [1-7]. An exceptional IR NLO material must meet
several critical prerequisites: (1) Exhibiting a significant SHG effect
to ensure optimal laser conversion efficiency; (2) Possessing suffi-
cient birefringence to achieve phase-matching behavior; (3) Hav-
ing a broad transparency absorption cut-off edge that is necessary
to cover key atmospheric windows; (4) Displaying the high laser-
induced damage threshold that is crucial to enhance resistance
against high-energy laser damage; (5) Showing excellent physico-
chemical stability [8-11]. Among these optical demands, designing
NLO materials with considerable NLO efficiency is a fundamental
and urgent topic that has driven continuous exploration. Mean-
while, numerous NLO crystals display strong SHG intensities but
lack phase-matching capability at specific transparency windows,
which seriously restricts and hinders their further application. An
example of such compounds was BazAGasSe;oCl, (A=Cs, Rb, K),
where the alignment parallel of the GasSe;q anionic group primar-
ily contributed to the impressive NLO coefficient but suffered from
tiny birefringence due to the nearly isotropic polyhedrons of the
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tetrahedral units [12]. Therefore, the presence of favorable SHG in-
tensity and significant birefringence for phase-matching capability
are two crucial factors that significantly contribute to the advance-
ment of NLO materials.

In essence, the macroscopic performance of NLO materials is
determined by their microstructure. Several design strategies have
been traditionally employed to address the challenge of achieving
large NLO coefficients and sufficient birefringence. These strategies
include incorporating of the Jahn-Teller effect or stereochemically-
active lone pairs centered polyhedra, as well as m-m interact-
ing plane triangles [13-17]. We refer to these polyhedrons, where
one central atom is bonded by the same anions, as single-anion
basic building units. In contrast to traditional single-anion units,
mixed-anion units exhibit larger distorted polyhedrons due to the
varying sizes and electronegativities of the anions, which pos-
sess stronger hyperpolarizability and polarizability anisotropy, of-
fering fascinating possibilities for impressive NLO responses and
benefiting phase-matching behavior. These NLO functional motifs
make mixed-anion basic building units favorable configurations
for producing outstanding NLO materials [18]. For instance, in the
ultraviolet-visible region, introducing fluorine elements into oxides
to yield fluorooxoborates has been reported as a vital constituent
in borate-based structural chemistry. This approach has been cre-
ated highly distorted tetrahedral BOsF units, leading to extra-large
SHG and sufficient birefringence [19]. However, in the mid- and
far-IR regions, only a few cases of IR NLO materials have been
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conducted due to synthetic difficulties of chalcogenides or phos-
phides. For example, the incorporation of fluorine elements into
Na3SiS3F chalcohalide generated a significant degree of distortion
in the tetrahedral SiSsF unit, making it to the benefit of display-
ing moderate SHG response and large birefringence [20]. Therefore,
the use of mixed-anion polyhedral units in IR NLO materials to en-
hance the SHG response and birefringence is rarely researched, but
it is incredibly urgent.

The Sb3+ ion, coordinated by several chalcogenides Q (Q=S,
Se, Te) atoms gave rise to the molecular geometries of trigo-
nal pyramidal SbQsz, seesaw SbQy, and square-pyramidal SbQs
units, often resulting in chalcogenides with excellent proper-
ties [21-24]. For mixed-anion units, the double-cubane com-
pound [Sb;SgBr;](AlCl);, which displayed an SHG signal, has
been synthesized using an ionic liquid method [25]. These SHG-
active results constantly inspire us to incorporate halide atoms
into the SbQyx (x=3-5) units, which not only ensures struc-
tural diversity but also optimizes the NLO properties by intro-
ducing intrinsic polarization anisotropy and hyperpolarizability.
According to the above ideas, by combining stereochemically-
active lone pair Sb3* ions with mixed-anionic S~ and I~ ions
with different sizes, a square-pyramidal unit was created, re-
sulting in a mixed-anionic chalcohalide called SbSI. Previous re-
ports have mainly focused on its notable ferroelectric charac-
teristics, but the investigation of its second-order NLO proper-
ties has not been reported [26,27]. As a result, the highly hy-
perpolarizable and polarizable square-pyramidal structure of SbSI
enabled it to possess the strong SHG response, the favorable
laser-induced damage threshold, and exceptionally large calculated
birefringence.

After conducting a comprehensive literature review, various
synthesis methods have been discovered for preparing polycrys-
talline SbSI, including hydrothermal, chemical vapor transport, and
sonochemical synthesis [27-29]. In addition to these methods, two
additional synthesis approaches were employed to synthesize the
desired crystal: (1) Combining the raw materials Sb (1.0 mmol), S
(1.0 mmol), and I; (0.5 mmol) in a solid-state reaction at 450°C; (2)
Blending the reactant Sb,S; (1.0 mmol) and Nal (2.0 mmol) through
a solid-state reaction at 700°C (see Supporting information). The
crystal SbSI possessed physicochemical stability in air and water
for six months at room temperature without any appearance or
weight loss changes. To ensure the exact composition of SbSI, the
energy dispersive X-ray spectroscopy (EDS) verified the presence of
Sb, S, and I elements (Fig. S1 in Supporting information). The ex-
perimental powder X-ray diffraction (XRD) patterns of SbSI closely
matched the simulated patterns, indicating its high purity (Fig. S2
in Supporting information). Furthermore, the IR transmission range
of SbSI, without any absorption peaks related to chemical bonds
within the range of 4000 cm~! to 400 cm~!, marked it a poten-
tial candidate for optical applications in the mid- and far-IR re-
gions (Fig. S3 in Supporting information). The UV-vis-NIR diffuse
reflectance spectrum of SbSI demonstrated a steep absorption edge
at 1.94eV (Fig. S4 in Supporting information), which correlated
with its red color.

The crystal structure of SbSI adopts a noncentrosymmetric
and polar orthorhombic space group Pna2; at the temperature of
280K. It is composed of one-dimensional chains formed by infi-
nite [Sb,S4I,]*~ chains that run along the c-axis (Fig. 1a). Each
chain consists of two identical square pyramids [SbSs;;]>~ units
by edged-sharing S atoms (Fig. 1b). The Sb atom is coordinated by
three S and two [ atoms, with Sb-S (Sb-I) bond distances of 2.467-
2.795A (3.012-3.234A) and S-Sb-S (I-Sb-I) bond angles ranging
from 82.58° to 98.87° (equaling 82.18°). Additionally, while the lo-
cal dipole moment of SbSI possesses a net orientation that equals
zero running along the a- and b-axes, it is 4.00 Debye along the
c-axis, giving it polar characteristic [30].

Chinese Chemical Letters 36 (2025) 109740

()

Fig. 1. (a) Crystal structure of SbSI is consisted of one-dimensional [SbyS4l,]*~
chains. (b) The separate [SbyS4l,]*~ chain is built of [SbS31,]°~ units.

Being a noncentrosymmetric crystal, SbSI has the SHG activity.
The SHG response of SbSI was evaluated using a modified Kurtz-
Perry method [31], with the reference material being optical purity
AgGas, (AGS). The particle sizes of both SbSI and AGS were varied
within five dimensions, namely 30-50, 50—75, 75—-100, 100-150,
and 150-200pum (microcrystals SbSI were prepared through the
above synthesis method 2). Under an incident laser wavelength of
1910 nm, the SHG signal of SbSI was observed at 955 nm (Fig. 2a).
The SHG intensities of SbSI increased with larger particle sizes, in-
dicating type I phase-matching behavior. When comparing the SHG
intensities of SbSI with AGS at a particle size of 150—200um, it
was found that SbSI exhibited a significantly higher SHG response,
approximately 5.7 times greater than that of AGS (Fig. 2b). When
compared to other Sb-based NLO sulfides (Fig. 2c), SbSI repre-
sented the highest SHG intensity among phase-matching Sb-based
sulfides.

To investigate optical properties induced by the I atom in the
[SbSsl;] square pyramid, the hyperpolarizability of structural units
in Sb,S3, SbSBr, and SbSI [32,33] was examined using the Gaussian
09 package with the PBE1PBE functional method and def2TZVP ba-
sis set [34,35]. The calculated hyperpolarizability of the structural
unit in SbSI was found to be higher than that in SbSBr and Sb,S;
(Fig. 2d). This enhancement in hyperpolarizability was attributed
to the introduction of an I atom, which created the mixed an-
ionic tetragonal [SbS3l;] unit, leading to a significant increase in
the SHG intensity. Moreover, according to the NLO functional mo-
tifs, the structural units of an NLO active crystal play a vital role
in determining nonlinearity [36]. The percent of [SbS3];] density
in the unit cell of SbSI was 100% determined its own SHG effect.
It is the “sole functional modules” that mainly contribute to the
large SHG intensity [37]. Additionally, the contributions of atomic
orbital-resolved d;s, dy4, and dz3 tensors in SbSI were also com-
puted to gain further insight into the NLO functional motifs. As de-
picted in Fig. 2e, the theoretical NLO contribution rates of the Sb, S,
and I atoms were found to be 30%, 21%, and 49%, respectively. Fur-
thermore, SbSI possessed three nonzero independent SHG coeffi-
cient tensors (dys, dpg4, and ds3) under the constraint of Kleinman’s
symmetry. The calculated SHG tensors for SbSI were displayed in
Fig. 2f. At an incident laser wavelength of 1910 nm (equivalent to
0.65eV), the ds5, dyg, and ds3 values for SbSI were determined as
8.9, —71.6, and —134.1 pm/V, respectively. The effective NLO coef-
ficient (deg) of SbSI at 1910 nm was calculated as 79.5 pm/V based
on the modified Kurtz-Perry method, using dggacs =11.6 pm/V as
a reference.

The LIDT of SbSI was determined using the single-pulse LIDT
method [38]. The results, presented in Table S5 (Supporting in-
formation), showed that SbSI disclosed a single-crystal LIDT value
of 20.8 MW/cm?2, which was approximately 2.3 times higher than
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Fig. 2. (a) Phase-matching behaviors of SbSI and AGS at the incident laser of 1910 nm. (b) SHG signals of SbSI and AGS in the 150—200pm particle size. (c) Comparison of
SHG intensities in SbSI and other phase-matching Sb based NLO sulfides. (d) The calculated hyperpolarizability of structural units in Sb,Ss3, SbSBr, and SbSI. (e) Calculated

atom SHG response contributions. (f) Calculated NLO coefficients of SbSI.
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Fig. 3. (a) Calculated refractive indices and birefringence of SbSI. (b) Comparison of birefringence between SbSI and several Sb-based sulfides. (c) Electron-density difference

map of SbSI.

that of the optical purity wafer AGS (9.0 MW/cm?) when exposed
to a laser beam of 2090 nm. The laser damage of NLO material
is unclear and can be influenced by various factors, such as band
gap, thermal expansion coefficient, thermal conductivity, and crys-
tal defects [39]. In the case of SbSI, it has an optical band gap
of 1.94eV, which mitigates two-photon absorption at the inci-
dent laser wavelength of 2090 nm. Additionally, thermal proper-
ties also play a crucial role in determining the LIDT. The linear
thermal expansion coefficient (¢t ) of SbSI along the a-, b-, and c-
axes was shown in Fig. S5 (Supporting information), with values
of 212 x 1073, 3.01 x 105, and —2.01 x 103, respectively. The high
thermal expansion anisotropy (TEA) value is attributed to the pres-
ence of a negative thermal expansion coefficient in «;. While the
lattice constants a and b exhibited a nonlinear increase with rising
temperatures, the lattice constant ¢ decreased within the temper-
ature range from 100K to 280K. Such a phenomenon was consis-
tent with the attributes of AGS, where the negative o value was
attributed to the vibrations of Ag and Ga atoms in low-frequency
transverse modes [40]. The TEA of SbSI was estimated to be 2.49,
slightly lower than that of AGS (2.95) [41]. Noted that the LIDT of-
ten shows a positive correlation with the band gap and a negative
association with TEA in chalcogenides. Therefore, when exposed to
high-power laser irradiation, SbSI exhibited enhanced resistance to
thermal shock possible due to the reduced TEA.

The refractive indexes of SbSI were calculated by the ABINIT
package, as illustrated in Fig. 3a. Among the indices along differ-
ent directions, n, and ny represent the largest and smallest refrac-

tive indices, respectively. The refractive index dispersion of SbSI
demonstrated strong anisotropy, with a significant birefringence
(An=0.62) at 1.91um. The analysis of the electron density dif-
ference of SbSI on the plane (Fig. 3c) revealed visible asymmetric
lobes around the Sb atoms, indicating that the lone pair electrons
on Sb atoms contributed to the optical anisotropy and increased
birefringence. According to the type I phase-matching condition
of ne(w)=ne(2w), where w and 2w represent the fundamental
and second-harmonic light, respectively, the phase-matching cut-
off wavelength of SbSI was 0.52 pm (Fig. S6 in Supporting informa-
tion), which aligned with the experimental phase-matching behav-
ior at the incident laser wavelength of 1.91 um. These results con-
firmed the effectiveness of incorporating the tetragonal pyramid
structure to enhance the birefringence of crystals. To further val-
idate the superiority of the tetragonal pyramid structure, we con-
ducted a search in the Inorganic Crystal Structure Database (ICSD)
to identify the Sb-based sulfides. The results clearly demonstrated
that SbSI displayed significantly larger birefringence performance
compared to other Sb-based sulfides (Fig. 3b), establishing itself as
having the highest level of birefringence among Sh-containing sul-
fides.

In summary, to acquire an NLO material with a strong NLO ef-
fect and sufficient birefringence, the stereochemically-active lone
pairs Sb3* jon was coordinated by mixed-anion with enhancing
hyperpolarizability and anisotropic polarizability. As anticipated,
SbSI was successfully synthesized and exhibited the highest SHG
response (5.7 times that of AGS) among phase-matching Sb-based
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sulfides, the satisfactory LIDT and the giant calculated birefrin-
gence (0.62@1.91 um) for ensuring phase-matching. This work sug-
gests that the mixed anion square-pyramid structure can be con-
sidered an ideal basic structural unit for designing NLO materials
with favorable SHG coefficients and large birefringence.
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