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Tin chalcohalide Sny4(PS4)4l10 obtained from struc-
tural-template-oriented synthesis: exhibiting
balanced infrared nonlinear optical performance+
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Among infrared (IR) nonlinear optical (NLO) materials, metal chalcohalides have become prominent
because of their well-balanced performance and are widely applied in optoelectronics, communications,
and sensor technology. Structural-template-oriented synthesis is an important method in the exploration
of metal chalcohalides, mainly focusing on anion/cation substitution, co-substitution and structure pre-
diction. Herein, a novel tin chalcohalide, Sny1(PS4)4l10 (SPSI), has been successfully obtained via structural-
template-oriented synthesis, utilizing the excellent and suitable structural template Pb,BO=X (X = halo-
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Introduction

Nonlinear optical (NLO) crystals serve as the core optical com-
ponents of solid-state lasers for outputting frequency-doubled
lasers through second-harmonic generation (SHG)," which
broadens the laser wavelength and extends the application
range. Over the past decades, several excellent NLO
crystals ranging from ultraviolet (UV) to infrared (IR) spectral
regions have been designed and synthesized,*® including
$-BaB,0, (BBO), LiB;O;s (LBO), CsLiBsO;, (CLBO), KH,PO,
(KDP), KTiOPO, (KTP), KBe,BO;F, (KBBF), NH,B,OF (ABF),
AgGaS, (AGS), AgGaSe, (AGSe) and ZnGeP, (ZGP). Undesirably,
some intrinsic drawbacks remain a large obstacle to high-
power laser applications, such as the unsatisfactory
laser-induced damage threshold (LIDT) for AGS and AGSe, as
well as adverse two-photon absorption (about 1 pm) for ZGP
(Eg = 1.47 eV). Therefore, there is an urgent demand for the
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gens) family. SPSI satisfies the requirements of an excellent IR NLO material as a balanced-performance
pentagonal candidate, including a moderate second-harmonic generation (SHG) response (0.8 x AGS), a
wide IR transparency window (0.46-17.6 pm), a suitable Angp, value (0.068 at 546 nm) and a consider-
able laser-induced damage threshold (LIDT) (3.3 x AGS).

design and synthesis of IR NLO crystals with balanced
performance.

Generally, a promising IR NLO crystal for various appli-
cations requires the following conditions: (1) a large SHG
coefficient (d; > 6.7 pm V') that is about half of AGS; (2) a
multi-waveband IR transparency window, especially two impor-
tant atmospheric windows (3-5 and 8-12 pm); (3) a high LIDT
(>2.0 x AGS) for high-power laser applications; (4) a suitable
birefringence An (>0.03) to satisfy phase matching; and (5)
nontoxic, stable physical and chemical properties for good
crystal growth.'®™ Thus, a compound must satisfy all these
requirements simultaneously, which is demanding and
challenging.

Metal chalcogenides, such as Ga,S;,'* LizPS,,"* RbPbPS, **
and SrZnGeS,," have become the focus of exploration because
of their diversity in chemical bonding and bonding connec-
tion. Considering AGS as a template, these compounds have
similar diamond-like crystal structures that can be regarded as
being designed from the primary [MS,] (M = metal, Si and P)
tetrahedral building unit. With further exploration in recent
decades, metal chalcohalides stand out from the crowd, inher-
iting the intrinsic advantages of both chalcogenides and
halides. Because of the halogen involvement, it can drive the
generation of a more flexible and highly polarizable structure
to achieve a balance between the wide optical band gap, large
SHG coefficient and birefringence, such as [ABa;Cl,][GasS;] (A
= K, Rb, and Cs),"® NaBa,Ge;S;,Cl,"” Cs,ZnsPeS;5l, ** and
[Sr,Cl,][Si;Ss]."> However, the main approaches used to explore
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metal chalcohalides are anion/cation substitution and co-sub-
stitution at present. There is a lack of excellent and suitable
structural templates for designing chalcohalide IR NLO
crystals.

Considering oxygen-sulfur substitution, several excellent
structural templates in UV NLO oxysalt halides were taken as a
worthy reference for designing IR NLO chalcohalides.”®*!
Guided by this strategy, the crystal structure of Pb,BOs;X (X =
Cl, Br and I) was regarded as a design template. This Pb,BOsX
phase exhibits a pseudo-layered structure, and the interlayer
anion (halogen), anion unit ([BO;]*7) and cation (Pb*") exhibit
high structural tolerance and alternative flexibility. Through
this design template, many new compounds are obtained,
such as Pb,BO;I** exhibiting a large SHG response of approxi-
mately 10 x KH,PO, (KDP) and flexible Sn,PO,I** exhibiting a
large An value of 0.664 at 546 nm, which exceeds those of the
reported borates and phosphates.

In this study, a novel tin chalcohalide, Sn;4(PS4)4l10 (SPSI),
was obtained successfully using this template. Remarkably,
SPSI satisfies the requirements of an excellent IR NLO material
as a balanced-performance pentagonal candidate and demon-
strates a moderate SHG response (0.8 x AGS), a wide IR trans-
parency window (0.46-17.6 pm), a suitable An,y,,. value (0.068
at 546 nm) and a considerable LIDT (3.3 x AGS).

Sn,,P,S, I, 4[Sn,PS,I]+3[SnL,] -

[Sn(1),PS,I] moiety
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Experimental section

Light yellow crystals of SPSI were synthesized using a high-
temperature solid-state reaction in a closed system. A mixture
of SnS, Snl,, and P,Ss; (molar ratio of about 4:4:1, 0.3 g in
total) was fully ground and loaded into a silica tube, and then
the tube was gradually heated to 300 °C, 500 °C and 720 °C in
5 h and held for 5 h at each temperature. Afterward, the tube
was cooled slowly to 20 °C at a rate of 0.5 °C min~". The extra
SnS and SnlI, also function as fluxes. We also found that P,S5
can also be used as a flux. Block-shaped and light yellow crys-
tals with sizes of about 0.130 x 0.092 x 0.045 mm® (Fig. 1f)
were obtained.

A yellow polycrystalline sample of SPSI was synthesized
similar to the above methods. A tube containing a mixture of
SnS, Snl, and P,S; (molar ratio of about 6:5:2, 0.3 g in total)
was heated to 350 °C for 1 h and held at this temperature for
3 h. The yield was 100%. The experimental powder X-ray diffr-
action peaks of SPSI are fully indexed, ensuring the purity of
the sample (Fig. 1g).

Other experimental details, including UV/vis-NIR diffuse-
reflectance spectroscopy, property measurements (SHG, bire-
fringence, LIDT), thermal analysis and theoretical calculations,
are listed in the ESL}
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(a) The crystal structure of Sny1(PS4)4l10 (SPSI). (b) The [Sn(2)I;] moiety; structural evolution of (c) the [Sn(1),PS41] moiety from (d) Sn,PO4l and

(e) Pb,BOsl. (f) The SPSI crystal under a microscope with a size of approximately 0.130 x 0.092 x 0.045 mm?. (g) The PXRD pattern of SPSI. (h) The

asymmetric unit of SPSI with the bond length marked (A).
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Results and discussion
Crystal structure description and comparison

SPSI crystallizes in a noncentrosymmetric (NCS) tetragonal
space group I42m (no. 121), with the following cell parameters:
a=9.3157(4) A, b = 9.3157(4) A, ¢ = 13.8689(13) A, V = 1203.57
(15) A*, Z = 1, and CCDC 2384809.1 The crystallographic and
structure refinement data are listed in Tables S1-S3 (ESI).} As
shown in Fig. 1a, SPSI exhibits a 3D structure that consists of
two parts: one is the [SnPS,I| moiety, which is similar to the
Pb,BO;X template, and the other is the [SnI,] substructure.
These two components are interleaved, forming a 3D structure
by sharing I and S atoms.

In the unit cell, there are two crystallographically indepen-
dent Sn atoms, one P atom, one S atom and two unique I
atoms (Fig. 1 and Table S3t). The P(1) atom is located on the
4d Wyckoff site with a site symmetry of 4, adopting a [PS,]
tetrahedral coordination with a P-S bond length of 2.040(4) A
and S-P-S bond angles ranging from 108.9 to 110.5°. The Sn(1)
atom is six-coordinated with four S(1) atoms, one I(1) atom and
one 1(2) atom to form the [Sn(1)S,I(1)I(2)]*~ polyhedron, where
the bond lengths of Sn(1)-S(1) and Sn(1)-1(1) are 2.88-3.00 A
and 2.90 A, respectively. All these bond lengths and bond
angles are within reasonable bond lengths. Differently, the Sn
(2) atom is eight-coordinated with four S(1) atoms and four I(1)
atoms to form the [Sn(2)S(1),1(1),]'°” polyhedron with Sn(2)-S
(1) = 2.850(4) A and Sn(2)-1(1) = 3.562(13) A.

The bond valence sum (BVS) data are studied, the BVS is
0.87 of I(1), but merely 0.38 of I(2) in Table S3.f These are
caused by their different coordination environments. 1(2) is
four coordinated by four Sn(1) atoms with a relatively longer
Sn(1)-1(2) bond length of 3.624 A and located within the
channel (Fig. 1c), which indicates weaker bonding interactions
and a lower BVS value. Such a structural motif has also been
seen in other related compounds, for example, Sb50,1, where
the Sb-1 bond length is 3.93-3.86 A, and the BVS of I is 0.52;**
and Sn,PO,I, where Sn-I = 3.43 A, and the BVS of I is 0.4.%

Interestingly, the molecular formula of Sn,;(PS,)4l;, can be
regarded as merging three [Snl,] and four [Sn,PS,I]. Therefore,
the crystal structure of SPSI is also composed of two moieties,
[Sn(2)I,] and [Sn(1),PS,I]. The [Sn(1),PS,I] moiety can be
regarded as the framework of the structure, while the [Sn(2)L,]
moiety acts as a filler between [Sn(1),PS,I] layers to reinforce
and prop up the architecture, and the two moieties comp-
lement each other to form SPSI. The [Sn(2)I,] substructure is
shown in Fig. 1b, which is a net-like [Sn(2)I(1),]., layer extend-
ing along the ab plane, within which the Sn(2) forms a [SnI,]*~
tetrahedron that is linked with each other by sharing corner
I(1) atoms, whereas the [Sn(1),PS,I| moiety is regarded as evol-
ving from the Pb,BO;I template.>” As shown in Fig. 1c-e, the
correlation and development from the Pb,BO;I template to
Sn,PO,I”® and to the [Sn(1),PS,I] moiety are depicted. The [Sn
(1)2PS4]" layers are linked by the interlayer I~ anions, which
is similar to the layered characteristic of the Pb,BO;I template
(Fig. 1e). In this scenario, the Sn(1) atom functions as a Pb
atom in the template, and the PS, tetrahedron acts as the

This journal is © the Partner Organisations 2025
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building unit of the BO; triangle. Such a chemical co-substi-
tution drives the evolution from Pb,BO;I**> to Sn,PO,I,>* and
finally to the [Sn,PS,I] moiety in SPSI. The same corner-
sharing connection between different building units remains.
More interestingly, besides the similarity of the structure pre-
served from the Pb,BO;I template, the nonlinear optical pro-
perties seem to have been inherited.

Optical and SHG performance

The SHG responses of SPSI and AGS were measured using a
2100 nm pulse (1 Hz, 10 ns) laser with polycrystalline samples
with particle sizes ranging from 50 pm to 250 pm. As shown in
Fig. 2a, the SHG response of SPSI is approximately 0.8 x AGS
with the sample particle size. This intensity is comparable
with that of Pb; ;GeS,Br; (0.8 x AGS),?® and is stronger than
those of Sn-containing thiophosphates, i.e., KSnPS, (0.55 x
AGS), RbSnPS, (0.45 x AGS), and CsSnPS; (0.4 x AGS).*®
Notably, the SHG intensities of SPSI exhibit a growing trend as
particle sizes increase, suggesting phase-matching (PM)
behavior.

Under a ZEISS Axio polarizing microscope,®” the delay value
for full extinction R at 546 nm is 0.898 pm utilizing the as-
grown crystals of SPSI (13.2 pm in thickness). The refractive
index difference was found to be 0.068 at 546 nm. It is consist-
ent with the phase-matching capability probably.

As shown in Fig. 2b, IR spectroscopic analysis of SPSI
revealed an absorption peak at 17.6 pm, which was attributed
to the inherent absorption of chemical P-S bonds. No obvious
absorption peak is observed within the spectral range of 2.5 to
17.6 pm, implying that compound SPSI does not exhibit sig-
nificant absorption within this region and suggesting a wide
infrared cutoff-edge reaching up to 17.6 pm, thus indicating its
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Fig. 2 (a) The SHG intensities of SPSI and AGS at 2100 nm. (b) Optical
transparency range (0.25-2.0 pm: UV/vis-NIR diffuse reflectance spec-
troscopy; 2.0-22 pm: IR spectroscopy). (c) The photograph of the SPSI
crystal before and after extinction observed during birefringence
measurement using a Berek compensator. (d) The corresponding radar
chart of phase-matchability, SHG effect, E4 value, IR transparent window
and LIDT for SPSI and AGS.
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potential suitability for applications in the middle or even far-
IR ranges. This extensive transparent region of SPSI is almost
larger than that of other IR-NLO compounds, such as AGS
(~11 pm),"* HgsP,Sg (~16.3 pm)*® and CuZnPS, (~16.5 pm).>

The Kubelka-Munk®® function value of the compound SPSI
is 2.34 eV (Fig. 2b inside), which is consistent with the yellow
appearance and is similar to those of AGS (2.64 eV),*' Ag;PS,
(2.43 eV),** SbPS,(2.54 eV),*> NagSn;P,S:6(2.52 eV)** and
KSnPS, (2.2 eV).*® According to the “Electronic Structure
Engineer Bucket Effect Theory”,”” the band gap (E,) of a com-
pound is primarily determined by “the shortest E, board”
among its components, which can be roughly estimated based
on the band gaps of the corresponding binary compounds. For
example, due to the trend in binary compound band gaps: SnS
(1.07 V) < Snl, (2.45 eV) < P,S; (2.54 €V),>*3® the band gap of
the compound SPSI (2.34 eV), formed from these components,
is practically comparable to that of SnS. Similarly, for see-
mingly diverse compounds such as AGS, Ag;PS,;, SbPS,,
NaeSn;P4S;6, and KSnPS,, the shortest E, board is Ag,S (0.92
eV), Sb,S; (1.64 eV), and SnS (1.07 eV), respectively. Thus,
these compounds, despite having significantly different con-
stituent structures, exhibit similar band gap values. Usually,
for IR NLO compounds, the bandgap is proportional to the
LIDT, and a wider bandgap is more advantageous for enhan-
cing the LIDT. The powder SPSI sample exhibited an LIDT of
11.3 MW cm™? using a laser of 1.06 um, and the strong laser
damage resistance was approximately 3.3 times greater than
that of AGS (3.4 MW cm™?) under the same measurement con-
ditions. In addition, SPSI remains stable at 240 °C as shown by
the TG-DSC curve (Fig. S27).

Briefly, SPSI is a promising nonlinear optical crystal with
balanced performance in the mid-far infrared compared with
AGS.

Theoretical calculations

To deeply clarify the bonding features and the possible physi-
cal origin of the optical properties of SPSI, first-principles cal-
culations were performed to assess electronic structures and
optical properties. It is noteworthy that the average occupancy
of Sn atoms in the Sn(2) site is 0.75 (Table S37). Therefore, the
structure of SPSI could be disordered and requires special
treatment in modeling. We extended the unit cell of SPSI to
form different configurations and select the most stable con-
figuration in energy as the representative configuration for the
following first-principles calculations. The projected densities
of states (PDOS) of the representative configurations for the
SPSI are shown in Fig. 3a. The conduction band minimum
(CBM) is mainly composed of the 5p states of Sn atoms, the 3p
states of S atoms, and the 5p states of I atoms. Besides, the
valence band maximum (VBM) is constituted by the 5s states
of Sn atoms, the 3p states of S atoms, and the 5p states of I
atoms. From the negative partial crystal orbital Hamiltonian
population (pCOHP) in Fig. 3a, near the Fermi level, the Sn-S
interactions have a larger antibonding region than the Sn-I
interactions. Thus, these findings suggest that the Sn—S bonds
have stronger covalent interactions than the Sn-I bonds.
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Fig. 3 (a) The PDOS and —pCOHP of SPSI. (b) The PDOS of Sn(1), Sn(2),
I(1) and 1(2) divided by the number of atoms in a cell. (c) The electron
distribution.

Furthermore, the 5p states of Sn(1), Sn(2), I(1) and I(2) sites
are shown in Fig. 3b, respectively. In both the CBM and VBM,
the densities of the states of Sn(1) and I(1) are greater than
that of Sn(2) and I(2). This finding demonstrates that Sn(1)
and I(1) may contribute more to the optical properties, which
can be further confirmed by the electron localization functions
in Fig. 3c. On the one hand, as shown in Fig. 3c, S(1) and I(1)
have greater electron distributions than other atoms, especially
I(2). This shows that the stereochemical activity of lone pairs
of Sn(2) is not exerted, and the outer electrons of S(1) and I(1)
exert a great influence on the optical properties. On the other
hand, as shown in Fig. S3,} the Sn(1) atoms present a weak
asymmetric electron distribution, whereas the Sn(2) atoms
present no electron distribution. Since the stereochemically
active lone pairs of Sn(1) is stronger than those of Sn(2), the
[Sn(1),PS,I] moiety may be the main contributor to the optical
properties of SPSI. Meanwhile, the [Sn(2)I,] moiety synergisti-
cally improves the optical properties of SPSI.

The calculated band structure indicates that SPSI is an
indirect band gap compound with theoretical band gaps of
1.68 eV (Fig. S41) using PBE***° and 2.26 eV using HSE06.*"*?
Additionally, the calculated birefringence is 0.043 at 1064 nm,
as shown in Fig. S4,f where a suitable birefringence is also
consistent with phase matching. In addition, considering that
the point group of SPSI belongs to I42m, one nonvanishing
independent SHG tensor (ds¢) is identified under the restric-
tion of the Kleinman symmetry. Compared with AGS (dz¢ =
13.4 pm V'), the calculated maximum tensor ds of SPSI is
13.9 pm V' (1 x AGS), which also supports the experimental
observation (0.8 x AGS).

Conclusions

In conclusion, a new IR-NLO crystal Sn;4(PS4)4l10 (SPSI), a tin
chalcohalide, was successfully synthesized with the guidance
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of structural-template-oriented synthesis. Its structure features
a 3D framework constructed using two substructures, the [Sn
(2)I;] moiety and [Sn,PS,I] moiety, where the [Sn(1),PS,I]
moiety is structurally like the Pb,BO;I template. SPSI exhibits
a phase-matching SHG response (0.8 x AGS), a wide infrared
transparent window (0.46-17.6 pm), an appropriate bandgap
(2.34 eV), a suitable birefringence (0.068 at 546 nm) and a high
LIDT (3.3 x AGS). In-depth theoretical calculations indicate
that the [Sn(1),PS,I] moiety is the dominant contributor and
the [Sn(2)I,] moiety makes a synergistic contribution to
improving the optical performance of SPSI. This research
reveals a structural-template-oriented development of other-
wise unrelated compounds, enhancing our understanding of
the microscopic structure and bulk properties and providing a
novel approach for future design, synthesis and exploration of
high-performance functional materials.
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