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ABSTRACT: We report the synthesis and optical properties of
noncentrosymmetric (NCS) y-Cs,1,O;; that was obtained through
10, polyhedral rearrangements from centrosymmetric (CS) f-
Cs,1,0,;. Trifluoroacetic acid (TFA) acts as a structure-directing
agent and plays a key role in the synthesis. It is suggested that the
function of TFA is to promote rearrangement reactions found in
the organic synthesis of stereoisomers. y-Cs,1,0;; crystallizes in
the NCS monoclinic space group P2, (No. 4) and exhibits a strong
second-harmonic-generation (SHG) response of 5.0 X KDP
(KH,PO,) under 1064 nm laser radiation. Additional SHG
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experiments indicate that the material is type I phase matchable. First-principles calculations show that SHG intensity mainly
comes from its dy,, d,;, and dy; SHG tensor components. The synthetic strategy of discovering y-Cs,1,0;; provides a new way for

designing novel NCS SHG materials.

1. INTRODUCTION

Laser technology is used in modern lighting, manufacturing
processes, optical fiber communication, and surgery."”
Commercial solid-state lasers, however, are often limited to
operating at a single wavelength, limiting their tunability for
multiple applications. Second-harmonic-generation (SHG)
materials provide one solution to this problem because they
can double the frequency of the laser to access shorter
wavelengths.”™® To date, 8-BaB,0, (BBO), KH,PO, (KDP),
KTiOPO, (KTP), LiNbO; (LN), and AgGa$S, (AGS) are used
in solid-state devices ranging from the deep-ultraviolet (deep-
UV) through the infrared (IR).”~"* Nonetheless, compounds
with large SHG responses continue to be discovered owing to
an increased demand for laser devices at difficult-to-access
wavelengths from solid-state sources. Examples of such
materials include fluoro-carbonates (CsPbCO,F — 13.0 X
KDP, RbMgCO;F — 160 X a-Si0,),"""” nitrates (Pb,(BO;)-
(NO;) — 9.0 X KDP, Bi,0,(NO,)(OH) — 6.0 X KDP),'*"”
and materials containing second-order Jahn—Teller cations
(BaTeMo,0, — 600 X a-SiO,, BaNbO(I0)s — 14.0 X KDP,
BiOIO; — 12.5 X KDP, and BiFSeO; — 13.5 x KDP)."*~*!
For the design of SHG materials, crystallization in a
noncentrosymmetric (NCS) space group is necessary.
However, fewer than one-fifth of reported inorganic com-
pounds are NCS.”” Targeted synthesis of NCS compounds has
been a goal of many researchers.””** In the past two decades,
an often used strategy was to introduce two kinds of local
asymmetric units, distorted d° transition metal (TM) oxygen
octahedra (MoOg VO4 NbO4, TiOg, etc.), or lone-pair
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oxyacids (10;, TeOs, SeO;, SbO;, etc.), into the compounds.
The idea being that their local asymmetries would result in an
NCS structure.”> >* Based on this strategy, a number of NCS
compounds with large SHG responses have been discov-
ered.'”””™** Nonetheless, centrosymmetric (CS) materials
remain more prevalent compared with NCS materials because
these asymmetric units can align in an antiparallel manner.”” In
addition, cation size, hydrogen-bonding interactions, and
framework flexibility are also important factors impacting the
formation of NCS structures.””™° 55

We describe a new strategy for obtaining an NCS structure. s¢
We successfully converted -Cs,1,0,, (CS space group P2,/n) s7
directly into a new y-Cs,1,0,; (NCS space group P2,), using ss
trifluoroacetic acid (TFA). Upon comparing their structures, so
we find that the 10> trimers in the /8 phase rearrange to a 6o
“cis-type” arrangement from a “trans-type” configuration. We 61
attribute this rearrangement to the structure-directing proper- 62
ties of TFA, which is well known in organic synthesis for 63
intramolecular stereochemistry.**™** Further, we compared the 4
physical properties of f- and y-Cs,1,0,;, including thermog- s
ravimetry/differential thermal analysis (TG/DTA), ultra- 66
violet—visible—near infrared (UV—vis—NIR), and infrared 67
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Figure 1. Structure of y-Cs,1,0,, in the ac-plane (a); 2D HTO-like [I;05 ], layers consisting of IO, six-membered rings (b), dashed lines indicate
weak I—O interactions owing to the long bond distances; local and net dipole moment directions of I-O polyhedra in a whole unit cell (c).

68 (IR) absorptions. SHG measurements of y-Cs,1,0;; were also
69 performed. We demonstrate that y-Cs,1,0;, is SHG active at
70 1064 nm with an SHG intensity of 5.0 X KDP. Additional
71 measurements revealed that the material is type I phase
72 matchable.” These results indicate that y-Cs,I,0,, is a
73 technologically viable SHG material.

2. EXPERIMENTAL SECTION

74 2.1. Reagents. The chemical reagents Cs,CO5 (99%, Alfa Aesar),
75 1,05 (98%, Alfa Aesar), and TFA (99%, Alfa Aesar) were purchased
76 from ThermoFisher Scientific Company and used without further
77 treatment.

78 2.2. Syntheses of y-Cs,l,0,; by Hydrothermal Reactions.
79 2.2.1. One-Step Method. Cs,CO; (2.0 mmol, 0.652 g), LOs (2.5
80 mmol, 0.835 g), 2.0 mL of deionized water, and 2.0 mL of TFA were
81 loaded into a 23 mL Teflon-lined autoclave. The autoclave was closed
82 and slowly heated to 220 °C. After 4 days at 220 °C, the autoclave
83 was slowly cooled to 25 °C at a rate of 4 °C/h. The solid from the
84 autoclave was washed three times with deionized water to obtain a
85 pure phase of y-Cs,I,O,,. The average yield is about 85% (based on
L,O;). Single crystals obtained by this method were used for structural
analysis.

2.2.2. Two-Step Method. Cs,CO, (2.0 mmol, 0.652 g), L,Os (2.5
mmol, 0.835 g), and 2.0 mL of deionized water were loaded into a 23
mL Teflon-lined autoclave and closed. With this step, no TFA was
91 used. After 4 days at a constant temperature of 220 °C, the autoclaves
were slowly cooled to 25 °C at a rate of 4 °C/h. The solid from the
autoclave was washed three times with deionized water to obtain the
pure phase of $-Cs,],0,;. Subsequently, 0.950 g (1.0 mmol) f-
Cs,1,0, crystals were placed into a 23 mL Teflon-lined autoclave and
with 3.0 mL of 80% TFA aqueous solution. The autoclave was closed
and heated to 100 °C for 6 h. After this time, all the $-Cs,1,0;,;
crystals were completely converted to y-Cs,I,0; with a final mass of
0.780 g. The yield is about 82% (based on f-Cs,1,0,).

100  The purities of #- and y-Cs,1,0,, were verified by powder X-ray
101 diffraction (XRD) patterns (Figure S1). Both the initial and final

solutions of B- and y-Cs,I,0;; synthesis show strong acidic media
properties with pH & 0 (Figure S2). This indicates that the addition
of TFA does not impact the pH.

2.3. Powder X-ray Diffraction. Powder XRD patterns were
recorded on a PANalytical Empyrean diffractometer with graphite-
monochromated Cu Ka radiation in the 26 range of S—60° at room
temperature.

2.4. Thermal Analysis. Thermogravimetric (TG) analyses were
performed with an EXSTAR 6300 TG/DTA instrument under a N,
atmosphere between 30 and 800 °C at a heating rate of 10 °C/min.

2.5. Optical Measurements. IR spectra were recorded on a
Thermo Scientific FT-IR spectrometer ranging from 4000 to 400
ecm™'. UV—vis—NIR spectra in the range of 200—2500 nm were
recorded on an Agilent Technologies Cary Series 5000 UV—vis—NIR
spectrophotometer. The UV—vis—NIR absorption spectrum was
calculated from the reflectance spectrum using the Kubelka—Munk
function: a/S = (1 — R)?/2R, where a is the absorption coeflicient,
is the scattering coefficient, and R is the reflectance, respectively.*’

2.6. Single-Crystal Structure Determination. Single-crystal X-
ray diffraction data for y-Cs,I,0,, were collected on a Bruker SMART
APEX2 diffractometer equipped with a CCD detector (graphite-
monochromated Mo Ka radiation, 4 = 0.71073 A) at room
temperature. The SAINT program was applied for data reduction
and integration. The structure was determined by the direct methods
refined by full-matrix least-squares fitting on F* using SHELXL-97."!
All the atoms were refined with anisotropic thermal parameters. The
refined Flack parameter of 0.00(3) for y-Cs,1,04; is close to zero,
indicative of correctness of its absolute structure.*” The structure was
checked for missing symmetry elements using PLATON. Crystallo-
graphic data and structural refinements of y-Cs,I,O,; are listed in
Table S1. The atomic coordinates, selected bond distances, and angles
are listed in Tables S2—S4.

2.7. Second-Harmonic-Generation Measurements. Powder
SHG measurements were performed on a Q-switched Nd/YAG laser
generating radiation at 1064 nm. Crystalline samples of y-Cs,1,0; in
the particle-size range of 125—150 um were used for SHG
measurements. To test their phase matching ability, y-Cs,I,0,,
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139 crystals were sieved into distinct particle-size ranges (<20, 20—45,
140 45—63, 63—75, 75—95, 95—125, and 125—150 um). Sieved KDP in
141 the same particle-size ranges were used as references.

142 2.8. DFT Calculations. First-principles calculations were
143 performed with grid-based projector augmented wave (GPAW)
144 version 22.1.1b1 using density functional theory (DFT) with the
145 Perdew—Burke—Ernzerhof density functional.®™™* Simulation pre/
146 post-processing was performed with the atomic simulation environ-
147 ment version 3.23.0b1.*° The pseudopotentials were taken from the
148 standard GPAW pseudopotential set v0.9.20000. Structural optimi-
149 zation and relative formation energy calculations were performed with
150 a 600 eV plane wave cutoff. Optical property calculations were
151 performed with the experimentally resolved y-phase unit cell and a
152 plane wave cutoff of 500 eV and a scissor shift of 626 meV to
153 compensate for the well-known underprediction of the band gap by
154 DFT. In all electronic structure calculations, the augmentation grid
155 spacing was fixed at 2X the plane wave spacing, I'-centered k-point
156 grids were employed, and the electronic solver convergence criteria
157 between steps were 1077 eV for eigenvalues, 10~ for charge density,
158 and 10™* eV/A for forces.

159 Relative formation energy calculations were performed with the
160 optimized, i.e., relaxed, unit cells. Structure optimization was
161 performed including lattice vectors until no force exceeded 5 meV/
162 A. Structure optimization was repeated with relaxed structures to
163 ensure that dilation of the plane wave basis from cell relaxations did
164 not affect the results. The k-point grid used for the a-phase was 8 X 8
165 X 4 and 4 X 8 X 4 for the # and y phases owing to the different unit
166 cell sizes, which corresponds to an approximate k-point density of
167 ~150,000 k-points per reciprocal A’. For linear optical property
168 calculations of the y-phase, the number of bands included was 3X the

number of occupied bands and a k-point grid of 2 X 4 X 2 was used
since it was found to be well converged. Single particle excitations up
to 40 eV were included, and the Coulomb kernel cutoff for local field
effects in the random phase approximation was also 40 eV. Linear
optical properties are computed from the long wavelength limit of the
microscopic dielectric matrix.*”

SHG calculations of the y-phase were performed within the length-
gauge independent particle approximation using a maximum
frequency of 10 eV.* The number of bands included was 2X the
number of occupied bands. The Brillouin zone (BZ) was sampled
with k-point grids of 2 X 4 X 2 and 4 X 8 X 4 with ~4% change in the
static (w — 0) second-order polarizabilities so we report the results
from the finer grid. Since second-order polarizabilities are an average
over the BZ in the independent particle approximation, the band
path-decomposed second-order polarizabilities reflect the bulk value if
the BZ was represented by each k-point along the path.

3. RESULTS AND DISCUSSION

7-Cs,1,0,, crystallizes in the NCS space group P2, (No. 4,
Table S1), and its structure is shown in Figure la. y-Cs,1,Oy;
exhibits a two-dimensional (2D) hexagonal tungsten oxide
(HTO)-like [1;057 ], layer consisting of 10, six-membered
rings separated by Cs* cations and 10, anions (Figure 1b).
There are four Cs, eight I, and twenty-two O atoms in the
asymmetric unit. The atomic coordinates and equivalent
isotropic displacement parameters are listed in Table S2. Six
I atoms, I(1) to I(6), are each coordinated to four oxygen
atoms, and form distorted 10, tetragonal pyramids. The I-O

C https://doi.org/10.1021/acs.inorgchem.2c04450
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Figure 3. Schematic of the process of 10, polyhedral rearrangement with a possible intermediate (a); simulated powder XRD and measured
powder XRD of - and y-Cs,1,0; (b); and their magnified area corresponding to the differences between them (c); the TG and DTA curves of -
and y-Cs,1,0;; (d); and the UV—vis—NIR spectra of - and y-Cs,1,0; (e).

bond distances range from 1.775(5) to 2.474(S) A (Table S3).
The weak I—O interactions with bond distances over 2.4 A are
considered reasonable for polyiodates.*”*° 1(7) and 1(8), are
both coordinated to three oxygen atoms and form distorted
IO; trigonal pyramids with the I-O bond distances ranging
from 1.787(6) to 1.841(6) A (Table S4). The O—I—-O bond
angles range from 78.7(2) to 170.49(19)° (Table S4). The Cs*
cations are ninefold coordinate, with Cs—O bond distances in
the range of 3.155(6)—3.632(7) A (Table S3). Bond valence
sum calculations for y-Cs,1,0,; result in values of 0.78—0.84,
4.89—5.04, and —1.70 to —2.23 for Cs, I, and O atoms,
respectively, consistent with their oxidation states of +1, +5,
and —2 (Table §2).3"**

Structurally, distorted I0; and 10, polyhedra with stereo-
active lone pairs tend to have large dipole moments, which are
believed to be the main source of the SHG efficiency of
iodates.'”*” Therefore, the local dipole moments as well as the
net dipole moments of the unit cell for y-Cs,1,0,, were
calculated from the geometric structure method reported

earlier (Table $5).”*** The lone pairs are given a charge of —2
and localized 1.23 A away from the I cations.”> There are
four I0; and twelve IO, polyhedra in the unit cell. The
calculated local dipole moments of I0; and 10, polyhedra
range from 14.33 to 1447 D and 11.72 to 13.23 D,
respectively. Furthermore, the calculated x- and z-components
of the polarizations of all the IO; and 10, polyhedra sum to
zero, i.e, they cancel out and provide no net contribution to
the total dipole moment. Only the y-components construc-
tively add to a nonzero value of 42.38 D, consistent with the
monoclinic symmetry of the y phase. Among them, 1(2)0O,,
1(3)0, 1(4)0,4 I1(7)0;, and I(8)O; polyhedra are aligned
toward the +y direction (81.1 D), whereas the I(1)O,, I(5)O,,
and 1(6)O, polyhedra are aligned oppositely and toward the
—y direction (—38.72 D). Hence, in the entire unit cell of y-
Cs,1,0,, there is only a net dipole moment of 42.38 D along
the b axis (Figure 1c).

The unit cell parameters of a-, f-, and y-Cs,1,0,; are listed
in Table $1.*”°° @-Cs,1,0,, crystallizes in the hexagonal NCS
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233 space group P6; (No. 173). f-Cs,1,O,, crystallizes in the
234 monoclinic CS space group P2,/n (No. 14). - and y-Cs,1,04,
235 have almost identical unit cell parameters and very similar
236 structures. For their symmetry elements, an inversion center
237 (—x, —y, —2), 2, screw axis (1/2 —x,1/2 +y,1/2 — z), and an
238 n-glide plane (1/2 + x, 1/2 — y, 1/2 + 2z) exist simultaneously
239 in the f-phase structure (Figure S3a), whereas only the 2,
240 screw axis (—x, 1/2 + y, —z) persists in the NCS y-phase
241 (Figure S3b). The glide plane in the f-Cs,1,0; structure is
242 perpendicular to the b axis and located at (1/2 0 1/2) as
243 shown in Figure S2c. At the same location, a glide plane cannot
244 occur in the y-Cs,1,0y; structure (Figure S3d).

245 There are 2D HTO-like [I;047 ], layers in all a-, -, and y-
246 Cs,1,0y; structures (Figure 2). In the a-Cs,[,O;; structure,
247 there is only one type of I atom, I(1), with I-O bond distances
248 ranging from 1.784(7) to 2.150(3) A (Figure 2a,b). However,
249 there are three different types of I atoms in the [I;057 ], layer
250 of - and y-Cs,1,0,;. In the B-Cs,1,0,;, the I(1)O,4 1(2)0,,
251 and 1(3)O, polyhedra are corner-shared to form a trans-
252 1,0,>” trimer (Figure 2c,d), whereas in the y-Cs,I,O;,
253 structure, the 1(4)O, 1(5)O, and I(6)O, polyhedra are
254 corner-shared to form a cis-1,0,,>~ trimer (Figure 2e,f). Here,
255 the backbone bonds correspond to strong I—O interactions
256 with bond distances between 1.927(4) and 2.125(5) A.

257 The differences in the structures of a-, f-, and y-Cs,1,0,
258 stem from their different synthetic methods. For a-Cs,1,0;
259 synthesis, Nb,Oj plays an important role but with an unclear
260 mechanism.”” By comparing the - and y-Cs,I,0,, synthesis,
261 we found that TFA plays a key role in the isomeric control of
262 the trimeric units (see Section 2). Under identical conditions,
263 the addition of TFA resulted in the formation of y-Cs,I,0,,
264 and the absence of TFA resulted in the formation of fS-
265 Cs,1,0,;. Interestingly, we found that S-Cs,I,0;; can be
266 directly converted to y-Cs,1,0;;, by TFA at a lower
267 temperature (100 °C). In other words, the trans-1;0,,°"
268 trimers were converted to cis-I;0;°” trimers through the
269 structure-directing properties of TFA, which is widely used as a
270 functional group rearrangement reagent in organic synthesis
271 owing to its large acid ionization constant (Ka).%_”’57 It can
272 easily promote the protonation of O atoms in functional
273 groups, further triggering rearrangement reactions.*>*’ Herein,
274 we suggest a mechanism to describe the possible 10,
275 polyhedral rearrangement (Figure 3a). With it, O2 is replaced
276 by O1 under the action of a proton and causes a reversal of the

orientation of the 10, polyhedron. Thus, the trans-1;0,,°~ 277
trimer converts to the cis-1;0,,>~ trimer. In addition, we have 278
attempted to convert a-Cs,I,01, to y-Cs,1,0;; using the two- 279
step method but were unsuccessful. The powder XRD 280
measurements before and after the reaction were essentially 281
indistinguishable (Figure S4). A possible reason is that I-O 252
bonds in its 2D HTO-like skeletons are all strong interactions 283
(Figure 2b), which hinders the inversion of the I—O 284
polyhedra. 285

The powder XRD patterns of - and y-Cs,1,0,; are shown 286
in Figure 3b, where the y-Cs,],O,, crystals were converted 287
from the p-Cs,1,0,, crystals using the “two-step method”. By 288
comparing their characteristic peaks in the diffraction patterns 289
in the 23—25° and $5.5—57.5° 26 regions (Figure 3c), we 290
found that the measured powder XRD of the converted y- 201
Cs,1,0;, and the simulated XRD are in good agreement. TG/ 292
DTA measurements showed that the decomposition processes 293
for - and y-Cs,1,0y; are slightly different (Figure 3d). There 204
are three mass loss steps between 30 and 800 °C for both 295
phases. The mass of y-Cs,I,0,; was unchanged before 390 °C, 296
and the mass of $-Cs,1,0,; was unchanged before 410 °C. The 297
first step likely corresponds to the release of two I0;™ anions 298
(cal: 36.8%, exp: 36.7%) for f-Cs,1,0,;, one 105~ anion and 299
one 10,>” anion (cal: 38.5%, exp: 38.4%) for y-Cs,1,0,,. The 300
second step corresponds to the release of one Cs* (cal: 14.0%, 301
exp: 14.1%). The remaining constituents are completely 302
released in their third step. In addition, we did not observe 303
any peaks before 410 °C in either DTA trace. This suggests 304
that the conversion from f- to y-Cs,1,0;; is not attributable to 30s
a first-order phase transition. 306

UV—vis—NIR reflectance spectra showed strong absorption 307
in the UV region with a maximum at 295 nm for both - and y- 308
Cs,1,04; (Figure 3e), and broad transparent ranges at 395— 309
2500 and 420—2500 nm, respectively. The optical band gap 310
(E;) was determined to be about 3.74 eV for both phases 311
(Figure SS), making them wide-band-gap semiconductors. FT- 312
IR spectra of f- and y-Cs,1,0,, were not significantly different, 313
with all the peak positions corresponding well. The assignment 314
of these peaks is shown in Figure S6. The FT-IR spectra show 315
no absorption between 4.0 and 11.1 gm (2500 and 900 cm™) 316
for both - and y-Cs,1,0,}, consistent with reported anhydrous 317
iodates.”* % 318

Powder SHG measurements showed that y-Cs,],O,; can 319
exhibit a strong 532 nm signal when irradiated by a 1064 nm 320
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321 laser. The SHG signal is about 5.0 X KDP (Figures 4a and S6).
322 SHG intensity vs particle size experiments revealed that y-
323 Cs,1,0,; exhibits type-I phase matching under 1064 nm
324 irradiation (Figure 4a).*” The SHG intensity is much higher
325 than other reported polyiodates, such as Bi,O(130,)-
326 (10,)5(Se0,) (1.1 x KDP),°" HBa,(10,)¢(1,05) (1.6 X
327 KDP);GZ Ba,Ags(10;)6(1305)3(1,011), (2.5 X KDP);63 and
328 comparable to those of a-Cs,[,O;; (300 X a-Si0,),* and
329 K,Na(103),(1,04) (7.6 X KDP).** However, it is not as large
330 as YI,0,, (140 x KDP),*® GdI,0,, (15.0 X KDP),*® or
331 Nal,Oq (18.7 X KDP).® The differences in SHG intensities
332 are from the macroscopic polarizations of their respective
333 structures.”” A detailed comparison of y-Cs,[,0;, and a-
334 Cs,1,0,; was further made to better understand the structure-
335 related SHG properties. For comparison purposes, we re-
336 measured the SHG signal with KDP as a reference. The result
337 shows that the SHG intensity of a-Cs,],0;, is 6.6 X KDP
338 (Figure S7), that is slightly larger than that of y-Cs,I,Oy,
339 (Figure 4b). We compared their net dipole moments in their
340 entire unit cells (Table S5). Unlike y-Cs,1,0;; with a net
341 dipole moment of 42.38 D along the b axis, there is a net
342 dipole moment of 27.16 D along the ¢ axis for a-Cs,I,0y,
343 (Figure S8). Further, we calculated the macroscopic polar-
344 ization using nominal valences and by dividing the net dipole
345 moments by their unit cell volumes.””*® The calculated values
346 of them are approximately 1.4 X 107 and 1.1 X 107¢ C/cm?
347 for a- and y-Cs,1,Oy;, respectively (Figure 4b). The trend
348 positive correlation between the SHG intensities and polar-
349 ization densities indicates that the larger SHG response of a-
350 Cs,1,0,, originates from its larger polarization density.

351 DFT calculations of the relative formation enthalpies at 0 K
352 of the a-, -, and y-Cs,1,0,; were performed using the relaxed
353 structures. We find that the f phase is the lowest enthalpy
3s4 structure and that the a and y phases are 4.6 and 0.9 meV/
3ss atom higher in energy. Considering such small relative
3s6 formation enthalpies, vibrational entropy contributions to the
357 free energy are likely needed to determine the relative phase
3s8 stability at room temperature. Likewise, with such a small
359 formation energy difference between f- and y-Cs,]1,0;), a
360 higher level of theory may be required to confirm the relative
361 stability. Regardless, the DFT calculations indicate that the «,
362 f3, and ¥ phases have only small formation energy differences
363 and are consistent with experimental conversion between
364 polymorphs.

36s  Using the experimentally determined y-Cs,I,O;; structure,
366 the electronic structure band structure, projected density of
367 states, and optical properties were calculated. The valence
368 band maximum is at the I'-point, and the conduction band
369 minimum is at the E-point, giving an indirect band gap of
370 3.114 eV (Figure Sa) that is smaller than the experimental
371 (3.74 eV) owing to the limitations of the DFT methods.”” The
372 orbital-projected density of states shows the valence bands
373 comprise oxygen p-states with a small hybridization with iodine
374 s- and p-states (Figure Sb). The majority of iodine states are
375 associated with the conduction bands. The cesium s states are
376 above the plotted range and empty. Overall, the PDOS follows
377 chemical intuition, showing fully ionized cesium atoms, and sp®
378 hybridization of the iodine atoms bonded to oxygen with some
379 degree of bond ionicity.

380 While the full frequency-dependent linear optical and
381 second-order polarizability properties calculated are presented
382 in Figures S9—S11. The calculated birefringence (An) of y-
383 Cs,,Oy; is 0.055 at 1064 nm (Figure S10), which is similar to
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Figure 5. Calculated electronic band structure of y-Cs,I,0;; (a); the
total and partial orbital-projected density of states for y-Cs,1,0,; (b);
and the distribution of contributions to d; along the band path (c)
and the band path plotted in the Brillouin zone (d).

other reported polyiodates.”~°° The long wavelength limit (0 384
— 0) of the second-order polarizability tensor elements are 3ss
presented in Figure Sc and Table 1. Since the calculations 386 t1

Table 1. Long Wavelength Limit (0 — 0) SHG Tensor
Components, d;, of y-Cs,1,0,, Calculated from First
Principles without Kleinman Symmetry

SHG tensor SHG tensor

components values (pm/V) components values (pm/V)
dyy —0.89 dys 1.07

dig 0.55 dys ~0.79

dy, ~120 dyy 1.69

dy 0.11 due ~0.50

include dispersion, there are eight independent tensor 3s7
elements for the P2, space group rather than the four that 3ss
would be expected with the Kleinman symmetry. The results 389
show that dj,, d,;, and dy; SHG tensors exhibit large 3%
contributions with values of 1.69, —1.20, and 1.07 pm/V, 391
respectively. They are considered to be the main source of the 392
SHG response of y-Cs,],0;;. When comparing the largest 393
tensor elements to their BZ decomposition in Figure 5d, a key 394
feature is the lack of sign changes with respect to the moment 395
vector highlighting the importance of the geometric phase in 396
obtaining a large SHG response. 397

4. CONCLUSIONS

In this work, a new NCS cesium iodate, namely, y-Cs,1,0;;, 398
has been synthesized successfully. It can be converted from the 399
CS pB-Cs,1,0;; by 10, polyhedral rearrangements under the 400
structure-directing action of TFA. Concretely, a trans-1;0,,°~ 401
trimer turns into a cis—I30105_ trimer in their structures. In 402
addition, y-Cs,I,0,, has exhibited high thermal stability, a 403
broad transparent range, and a very strong SHG response. The 404
experimental results showed that its SHG response is 5.0 times 40s
that of KDP, with type I phase matching. Our work provides a 406
way for iodate conversion from CS to NCS phases and 407
demonstrates the potential of y-Cs,],0;; as a good SHG 408
material. 409
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