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Thioantimonates containing high oxidation state Sb°* have been proven to exhibit excellent performance
in the design of new materials such as infrared optical crystals and lithium-ion batteries. However, as
described by the “inert pair effect”, the preparation of P-block elements containing high oxidation states
in sealed systems has been a challenge. In this study, an aliovalent cation substitution strategy was used to
design and synthesize three novel thioantimonates(v), A4BaSb,Seg (A = Cs, Rb) and Rb,BaSbS,Cl (RBSSC),
respectively, all of which contain rare [SbS4] tetrahedral units. The introduction of Ba®* ions leads to the
distortion and high-density arrangement of [SbSe4] units, which is manifested as a significant 3.7 times
enhancement of the birefringence compared to that of the parent compound CszSbSe, (0.041 —
Cs4BaSh,Seg 0.150@1064 nm). By further introducing highly electronegative halogen atoms, the first anti-
mony-based thiohalide(v) RBSSC was synthesized. Theoretical calculations show that the band gap of

Received 9th September 2024, RBSSC is up to 3.674 eV, larger than those of all known antimony-based thiohalides(in). This work provides
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strong evidence that the aliovalent cation substitution strategy is an effective way to find new thioantimo-
nate(v) families, and also indicates that the cation size effect introduced by elemental substitution may
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Introduction

Recently, antimony (Sb)-based chalcogenides have become one
of the hotspots for designing optical materials due to their
rich coordination environments and wide transparency range
in the infrared region."” Many high-performance thioantimo-
nates have been reported to date, including Cu;SbS,, K,Sb,S-,
Cu,ZnSbS,, Ba,GeSb,Se;; and BasLa,Ga,Sb2S;5.°'° With an
incident laser wavelength of 2.05 pm, Ba,3GagSb,S;g exhibits
the highest intensity of powder second harmonic generation
(SHG) among the reported sulfide infrared nonlinear optical
materials, which is about 22 times stronger than that of com-
mercially available AgGaS,."* Furthermore, the introduction of
the Sb** cation with stereochemically active lone pair electrons
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lead to surprising performance improvements.

has been proven to be an effective strategy to enhance the bire-
fringence of materials. LiSrSbS; with a parallel configuration
of [SbS;] units exhibits a giant birefringence of
0.238@1064 nm.'> However, these studies have mainly
focused on thioantimonates(i), while the synthesis and struc-
ture-property relationships of thioantimonates(v) have rarely
been reported.*?

Changes in the valence states lead to different electronic
configurations, which alter the coordination and charge den-
sities within the framework.'**® The oxidation states of Sb are
typically observed in the form of Sb*" or Sb>* cations. The
valence electron configuration of Sb** is (n — 1)d*° 557, and it
typically adopts trigonal pyramidal, seesaw, and octahedral
configurations. Conversely, the valence electron configuration
of Sb°" is (n — 1)d"°, resulting in all configurations being
regular tetrahedral structures. Building blocks with different
coordination modes exhibit distinct cohesive behaviours,
which will affect the macroscopic properties of materials.
Previous studies on Sb-based infrared optical materials have
tended to surround Sb** with stereochemically active lone-pair
electrons, which can be considered a major contributor of the
nonlinear optical effect and optical anisotropy. However, in
addition to its high toxicity, Sb®" is incapable of forming a
tetrahedral functional unit, which can be considered an
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advanced fundamental building block for infrared optical
materials.'® Theoretical calculations suggest that the [SbQ,] (Q
= S/Se) tetrahedron has a larger HOMO-LUMO band gap com-
pared to [SbQs], rocking-chair-like [SbQ,] units, and [SbQs]
units (Fig. S1f). Moreover, thioantimonates with high oxi-
dation state Sb>* also show potential in the field of such super-
conducting sulfides and lithium-ion battery preparation.’”*°
Therefore, it is necessary to study the synthesis and physico-
chemical properties of Sb>".

As shown in Fig. 1, we surveyed all fully occupied Sb-based
chalcogenides in the Inorganic Crystal Structure Database
(ICSD). The synthesis of these compounds typically occurs
within a sealed system. Around 90.8% of the compounds
exhibit Sb with a valence state of +3, while only 17 cases
demonstrate a valence state of +5. These compounds belong to
M;_,M',SbQ, and M;Ag,Sb;Qg (M = K, Na, Rb, Cs, Au, Ag, Cu;
Q =, Se) families (Table S151).>°>* As described by the “inert
pair effect” observed in P-block heavy elements, the formation
of Sb** is difficult in chalcogenides and halides.>* This can be
attributed to the insufficient shielding of the atomic nucleus
in Sb, leading to the contraction of d orbitals and lowering of
the 5s orbital energy level.”® As a result, promoting an electron
from the 5s> orbital to form Sb®>" becomes more difficult,
leading to the fact that obtaining Sb-based chalcogenides with
a high oxidation state (Sb°") in vacuum-sealed systems has
been a challenge.

In this work, a new family of thioantimonate(v) compounds
with [SbQ,] tetrahedra was successfully synthesized in a sealed
system by employing an aliovalent cation substitution strategy.
We systematically investigated the material synthesis and
physical properties of CBSS and RBSS, as well as the structural
evolution of the parent compound Cs;SbSe, (CSS). The com-
pound CBSS showed a significant enhancement of optical an-
isotropy (birefringence 0.041 — 0.150@1064 nm) compared to
the parent compound CSS. The remarkable optical anisotropy
exhibited by the CBSS compound suggests that it holds
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Fig. 1 Coordination patterns and crystal system distribution of
thioantimonate.
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promise for applications in mid-infrared optical devices, such
as lidar, environmental monitoring and functional group
detection instruments.?®*” Furthermore, through the introduc-
tion of halogens with higher electronegativity, we achieved the
first synthesis of antimony-based thiohalides(v), Rb,BaSbS,Cl
(RBSSC). This study provides a valuable reference for the syn-
thesis of thioantimonate(v) and elucidates its structure-per-
formance relationship.

Experimental section

Reagents

All the raw materials (RbCl, CsCl, Ba, Sb, Se, and S) were pur-
chased from Shanghai Aladdin Biochemical Technology Co.,
Ltd with purities higher than 99.99% and kept in a dry air-
filled glove-box with restricted oxygen and moisture levels
below 0.1 ppm. The entire weighing process was carried out in
the glove-box to avoid the reaction between the metals and
oxygen in the air.

Synthesis of title compounds

All the raw materials were used as purchased without further
refinement. In the preparation process, a graphite crucible was
added into the vacuum-sealed silica tube evacuated to 10> Pa
to avoid the reaction between halides (ACl) and silica tube at
high temperatures. A,BaSb,Ses (A = Rb, Cs) was prepared with
a mixture under an Ar atmosphere in a glovebox at the stoi-
chiometric ratio of ACl:Ba:Sb:Se = 3:2:1:6, respectively.
The temperature process was set as follows: first, a microchip-
controlled furnace was heated to 400 °C for 12 h, to avoid
latent explosion of the silica tube derived from the high vapor
pressure of element S at 440 °C. One critical step was chosen:
held at 400 °C for 7 h to achieve the reaction of partial S/Se.
Subsequently, the furnace was heated to 850 °C over a period
of 20 hours and then annealed at 850 °C for 2 days. After the
annealing step, the sample was cooled to 400 °C at a rate of
3 °C per hour and cooled down to room temperature over the
course of 24 hours. This process resulted in the successful syn-
thesis of a brown single crystal of the titled compound
A,BaSb,Seg.

Rb,BaSbS,Cl: The raw materials RbCl, Ba, Sb, and S were
weighed and loaded into graphite crucibles in a ratio of
3:3:1:7. The preparation process was like that of A,BaSb,Seg.
The maximum reaction temperature was set at 900 °C. Finally,
numerous yellow crystals of Rb,BaSbS,Cl were also obtained
and remained stable in the air.

Single-crystal structure determinations

High-optical quality crystals (Rb,BaSb,Seg, 0.131 x 0.078 x
0.07 mm?® and Cs,BaSb,Seg, 0.054 x 0.134 x 0.082 mm?® and
Rb,BaSbS,Cl 0.039 x 0.133 x 0.154 mms) were selected under
an optical microscope and used for single-crystal X-ray data
collection (Fig. S21). At room temperature, crystal data collec-
tion was conducted using a Bruker SMART APEX III CCD
single crystal X-ray diffractometer with graphite-monochroma-
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tized molybdenum Mo Ko radiation (4 = 0.71073 A). After
collection, the SADABS program was used to perform the
multi-scan type absorption correction of the structural
data.”®*® After that, the XPREP program in the SHELXTL
program package was used to determine the space group,
while the SHELXT and XL programs were applied to solve and
refine the structural data by direct methods and full-matrix
least-squares on F°. The structures were checked with
PLATON,’® revealing the absence of any additional higher sym-
metry elements.

Powder X-ray diffraction

The powder X-ray diffraction (PXRD) measurements were per-
formed using a Bruker D2 PHASER diffractometer with Cu Ka
radiation (4 = 1.5418 A) at room temperature. The PXRD data
were collected with a 26 range from 10 to 70° and a scan step
rate of 0.02°. The theoretical XRD patterns were obtained
using Mercury software based on their CIF files.

UV-Vis-NIR diffuse-reflectance spectroscopy

The optical diffuse-reflectance spectra of the RBSS were
recorded at room temperature using a Shimadzu SolidSpec-
3700DUV spectrophotometer. The measured wavelength range
was 200-2600 nm. To figure out the experimental band gap
(E,), the diffuse reflection data are converted into absorption
data using the Kubelka-Munk function F(R) = K/S = (1 — R)?/
2R,*" where R represents the reflection coefficient, K is the
absorption value, and S is the scattering coefficient.

Raman spectroscopy

The selected RBSS crystal was first placed on a glass slide, fol-
lowed by irradiation with a 532 nm laser on the sample. The
Raman spectra in the range of 40-4000 cm " were recorded
using the LABRAM HR Evolution spectrometer equipped with
a CCD detector. The integration time was configured to 5
seconds, and the laser intensity was maintained at 5%.

Energy-dispersive X-ray spectroscopy analyses

To determine the chemical compositions, the EDS spectra and
mappings of three compounds were tested on a field emission
scanning electron microscope (FE-SEM, JEOL JSM-7610F Plus,
Japan) equipped with an energy-dispersive X-ray spectrometer
(Oxford, X-Max 50).

Computational description

The pseudo-potential plane wave approach in the density func-
tional theory (DFT) was used to explain the electron structure
and its correlation between optical characteristics and the
crystal structure by the first-principles calculations.**** The
exchange and correlation effects were evaluated using the gen-
eralized gradient approximation (GGA) method,** with the
Perdew-Burke-Ernezehof (PBE) function.’® The electronic
structure and optical properties were calculated by using the
norm-conserving pseudopotential (NCP). The Cs-6s', Rb-5s",
Ba-6s®, Sb-5s’5p°, Se-4s’4p’, S-3s?3p* and Cl-3s®3p> were
treated as the valence electrons.*® Kinetic energy cut-offs were
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set to be 440.0 eV and Monkhorst-Pack k-point meshes (2 x 3 x
3) with a density of fewer than 0.3 A~ in the Brillouin zone
(BZ) were adopted. The computational parameters and conver-
gence criteria in the CASTEP code were set to their default
values, which have been demonstrated to be sufficiently accu-
rate for our current calculations. In order to obtain a more
precise HSE 06 band gap, we employed the Heyd-Scuseria-
Ernzerhof (HSE 06) hybrid functional with a plane wave cutoff
of 50 Ryd.>”?®

To calculate the birefringence, the complex dielectric func-
tion ¢(w) = &(w) + iey(w) was computed from the PBE wave
functions. The imaginary portion of the dielectric function &,
may be estimated upon the electronic structures, and its real
part is determined using the Kramers-Kronig transform,
which was used to derive the refractive indices and finally get
the birefringence An; the band gap difference calculated using
the HSE06 and GGA methods is utilized as the scissor operator
to calculate the birefringence. The scissor operator values for
RBSS and RBSSC are 0.41 and 0.84 eV, respectively.

Results and discussion
Crystal structures

The compound A,BaSb,Seg (A = Cs, Rb) was synthesized via
high-temperature solid-state reaction in a sealed quartz tube,
and the detailed chemical synthesis procedure can be found in
the experimental section. Crystal data and refinement para-
meters, atomic coordinates and equivalent isotropic displace-
ment parameters, as well as bond lengths and angle infor-
mation are provided in Tables S1-S14.1 The results of single-
crystal X-ray diffraction indicate that A;BaSb,Seg (A = Cs, Rb)
possess an isostructural relationship; thus, only the crystal
structure of Cs,BaSb,Seg (CBSS) is elaborated in detail. CBSS
adopts an orthorhombic space group Ibam (No. 72), with
lattice parameters a = 20.2919(12) A, b = 9.9957(6) A, ¢ =
11.0708(6) A, and Z = 4. In the asymmetric unit, there are two
Cs atoms, one Ba atom, one Sb atom, and three Se atoms.
Each Cs atom and Ba atom are coordinated with eight Se
atoms to form [CsSeg] and [BaSeg] polyhedra with bond
lengths of dcgge = 3.480-4.227 A and dp,s. = 3.441-3.481 A
(Fig. 2a-c). The Sb atom forms a typical [SbSe,] tetrahedron by
bonding with four Se atoms (Fig. 2e), with a bond length of
dsp-se = 2.453-2.477 A. The calculated bond valence sums
(BVS) (Cs: 0.72-1.16, Ba: 1.66, Sb: 5.39, Se: 2.13-2.17) confirm
the rationality of the crystal structure (Table S2t). The CBSS
exhibits unique structural features characterized by the
arrangement of Cs* and Ba®>* cations in a three-dimensional
framework, forming one-dimensional [Cs1Se,]., chains and
[BaSes]., chains, which are separated by inserted two-dimen-
sional [Cs2Sey4],, layers referred to as chain I, chain II, and
layer I. Furthermore, the incorporation of isolated [SbS,] tetra-
hedra results in the formation of a well-organized three-dimen-
sional framework (Fig. 2d).

The single crystal of Rb,BaSbS,Cl was synthesized using the
same method. RBSSC crystallizes in the monoclinic space group

Inorg. Chem. Front., 2024, 1, 8753-8761 | 8755
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Fig. 2 (a and b) The connection mode of Cs in CBSS; (c) the connection
mode of Ba in CBSS; (d) crystal structure of CBSS along the b-axis; and
(e) the CBSS structure consisting of discrete [SbSe,] tetrahedra.

P2,4/c (No. 14). The cell parameters were determined as follows: a
=10.1114(15) A, b = 9.0493(13) A, ¢ = 12.3826(16) A, 8 = 90.382(6)
A, and Z = 4. The asymmetric unit contains two crystallographi-
cally independent Rb atoms, one Ba atom, one Sb atom, four S
atoms, and one Cl atom. Rb1 atom is coordinated by six S atoms
and two Cl atoms, while Rb2 atom is surrounded by seven S
atoms and two Cl atoms. The bond lengths for dgrp-s and drp-c1
are 3.189-3.914 A and 3.298-3.973 A, respectively. The Sb atom
forms [SbS,] tetrahedra with four S atoms and the bond length
is dsp-s = 2.291-2.333 A; these values are typical for sulfides.>**°
RBSSC is composed of two-dimensional layers (1) formed by
sharing S atoms between the [RbSeCl,] and [RbS,Cl,] units. The
S and Cl atoms in two opposing [BaSsCl,]., infinite chains are
bridged and interconnected, resulting in the formation of a two-
dimensional layer (2). Isolated [SbS,] tetrahedra are embedded
between layers to form a three-dimensional structure of
Rb,BasSbs,Cl (Fig. S37).

Through a strategy of aliovalent cation substitution, the
structural transformation from CSS to CBSS was achieved.
(Fig. 3a and b). From a perspective of structural chemistry, the
quaternary CBSS can be regarded as a derivative of the ternary
CSS through partial aliovalent substitution. This substitution
occurs in the form of one Ba atom replacing two Cs atoms and
forming one-dimensional chains connected by shared Se
atoms that are inserted into the anionic framework, resulting
in an elevation of the space group from Pnma to Ibam (Fig. 3c
and d), effectively increasing the volume of the crystal unit cell
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and enhancing the density of birefringent functional units.
The structural variation in CBSS can be attributed to chemical
pruning driven by Ba>* cations.

Optical properties

The experimental powder X-ray diffraction (PXRD) data in
good agreement with theoretical results obtained from single
crystal analysis, except for two weak peaks that may be attribu-
ted to impurities of CsCl, (PDF 24-0095) and Sb,Se; (PDF 15-
0861) (Fig. 4a). The polycrystalline CBSS powder sample was
heated to 850 °C and kept for 30 h, then cooled down to room
temperature in a muffle furnace. The XRD pattern after
melting corresponds to the pattern observed before melting,
demonstrating that CBSS is a congruent-melting compound.
Quantitative analysis using energy-dispersive spectroscopy
(EDS) reveals an atomic ratio of Cs:Ba:Sb:Se as
18.97:7.39:12.96: 60.68, which approximates the stoichio-
metric ratio of CBSS with a chemical formula of 4:1:2:8
(Fig. S4t). The BVS calculation reveals that all Sb cations
exhibit an oxidation state of +5. The oxidation state of Sb was
determined through X-ray photoelectron spectroscopy (XPS),
which shows a spin-orbit doublet consisting of Sb 3d;, and
Sb 3ds/,, corresponding to two peaks observed at 530.3 eV and
539.7 eV in the Sb 3d region (Fig. 4b), respectively. These peak
locations align with previously reported literature, confirming
the presence of Sb>*.*' The diffuse reflectance spectrum of
polycrystalline powder samples was measured across the ultra-
violet-visible-near-infrared range in order to assess the band
gap. Based on the Kubelka-Munk function analysis,**™** it was
determined that RBSS possesses a band gap of 2.00 eV, with a
UV cutoff edge below 582 nm (Fig. 4c). To further corroborate
the presence of the [SbSe,] unit, Raman scattering spectrum of
CBSS was acquired using 532 nm excitation on a LABRAM HR
Evolution spectrometer equipped with a CCD detector. As
shown in Fig. 4d, the peaks observed at 215 cm™" can be attrib-
uted to the stretching vibrations of Sb-Se chemical bonds.*®
The Raman spectra of both RBSS and RBSSC were simul-
taneously examined, thereby providing supplementary evi-
dence to support our findings (Fig. S51).

The electronic configurations, optimized structural models,
and lattice parameters of A,BaSb,Se; (A = Cs, Rb) and
Rb,BaSbs,Cl were determined through first-principles calcu-
lations, aiming to investigate the structure-property relation-
ship. The CBSS, RBSS, and RBSSC compounds exhibit band
gaps of 2.063, 1.918, and 2.829 eV, respectively (Fig. 5a-c).
Among them, CBSS and RBSS are categorized as direct band
gap semiconductors, while RBSSC is classified as an indirect
band gap semiconductor. The electron localization function
(ELF) is used to characterize the localized behavior of electrons
and reveal subtle distinctions in their distribution.*® The
spherical appearance of electron localization around Cs atoms
in CBSS and separated from [SbSe,] clusters, indicates that the
localized Cs atoms exhibit pronounced ionic properties. The
continuous expansion of delocalization suggests that the for-
mation of Sb-Se covalent bonds makes it easier for electrons
to transfer, which is the reason for the increased band gap in

This journal is © the Partner Organisations 2024
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CBSS (Fig. S6t). In order to investigate the influence of struc-
tural evolution on the performance, the optical properties of
the parent compound CSS were also calculated. The GGA band
gap of the CSS compounds is 1.933 eV, indicating a slight
enhancement of the band gap of the compounds after aliova-
lent cation substitution (Fig. S77).

Owing to the discontinuity of the exchange-related energy
function, GGA band gaps are typically underestimated in
calculations.””™*° Consequently, we conducted a comprehen-
sive investigation and computation of the HSE 06 band gaps
for RBSS and RBSSC compounds. The calculated band gap of
RBSS is 2.331 eV, while that of RBSSC is 3.674 eV, indicating
that the introduction of the more electronegative halogen
element has successfully increased the band gap.>® The total
and partial density of states (TDOS and PDOS) curve clearly
illustrates the contributions of different orbitals from constitu-
ent elements to the electronic band structure.>'™* In CBSS,
the valence band maximum (VBM) is predominantly governed
by Se-3p orbitals, while the conduction band minimum (CBM)
is primarily influenced by both Se-3p and Sb-5p orbitals

Inorg. Chem. Front,, 2024, 1, 8753-8761 | 8757
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Fig. 5 (a—c) The calculated electronic band structure of CBSS, RBSS and RBSSC; (d—f) total and partial density of states with the energy region from
—14 to 10 eV; and (g—i) calculated refractive index dispersion curves and birefringence of CBSS, RBSS and RBSSC.

(Fig. 5d and e). In RBSSC, the VBM is dominated by Se-3p and
Cl-3p orbitals, whereas the CBM is mainly influenced solely by
Se-3p (Fig. 5f). Consequently, charge transitions in CBSS and
RBSSC are regulated by covalent bands formed between Sb-Se
and Sb-S bonds, which significantly dictate their optical pro-
perties. Since the refractive index and birefringence of crystals
are important parameters for the fabrication of mid-infrared
laser devices, the refractive index dispersion curves of the title
compounds in the range of 500-4000 nm were calculated.>*>
It can be observed that at 1064 nm, CBSS exhibits a significant
birefringence of 0.150, RBSS demonstrates a value of 0.126,
while RBSSC shows a considerably lower value of 0.016.

In order to further elucidate the relationship between the
structure and optical properties, we evaluated the density and
distortion level of [SbSe,] units in CSS and CBSS compounds.
The results show that along with the introduction of Ba>" ions,
the density of [SbSe,] in CSS and CBSS is raised from 2.33 x
107 to 3.56 x 10~° A~. Meanwhile, the distortion level of the

8758 | Inorg. Chem. Front.,, 2024, 11, 8753-8761

[SbSe,] tetrahedron is significantly improved (Fig. 6a). It suc-
cessfully increases the birefringence of the host compound
from 0.041@1064 nm (CSS) to 0.150@1064 nm (CBSS) due to
the size effect from cation substitution (Fig. 6b). This work
provides strong evidence that increasing functional unit
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Fig. 6 (a) Comparison of the tetrahedral distortion index and functional
unit density between CSS and CBSS; and (b) the calculated birefringence

of CSS and CBSS.
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density or adjusting distortion level in the crystal structure
serves as an effective strategy for enhancing optical
properties.”®

Conclusion

In this work, three novel thioantimonate(v) compounds con-
taining [SbQ,] tetrahedra of Cs,BaSb,Seg (CBSS), Rb,BaSb,Seg
(RBSS), and Rb,BaSbS,Cl (RBSSC) were successfully syn-
thesized in a sealed system through an aliovalent cation substi-
tution strategy. By studying the single-crystal structures and
optical properties of these three compounds, it is shown that
the introduction of the [BaSes],, coordination polyhedron
leads to a high-density arrangement of the [SbSe,] units, which
significantly enhances the optical anisotropy compared to the
parent compound Cs;SbSe,. Meanwhile, the HSE 06 band gap
of RBSSC is up to 3.674 eV, which is larger than those of all
known antimony-based thiohalides(ur). Overall, this work not
only expands the structural and chemical diversity of Sb-based
chalcogenides but also provides valuable insights into the
structure-property relationships governing the optical per-
formance of these materials. The successful synthesis of Sb>*
containing chalcogenides paves the way for further exploration
and development of novel infrared optical materials.
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