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KsV,03F4(103)3: a high-performance SHG crystal
containing both five and six-coordinated V°*
cationsy
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The combination of d° transition metal oxofluorides with iodate anions helps to synthesize polar crystals.
Herein, a novel polar crystal, K3V,OzF4(103)s, which is the first metal vanadium iodate with two types of
V>*_centered polyhedra (VO4F, octahedron and VOsF, trigonal bipyramid), has been prepared
hydrothermally. It crystallizes in the polar space group of Cmc2; and its structure displays an
unprecedented 0D [V,O3F4(I05)s1°~ anion, which is composed of A-shaped cis-[VO,F»(103)->~ and
[VO,F,(IO3)]2~ anions interconnected via the corner-sharing of one oxo anion. The synergy gained from
the VO4F,, VOsF, and 103 groups resulted in K3V,O3F4(IO3)3 exhibiting both a strong second-harmonic
generation (SHG) response (1.3 x KTiOPO,4) under 2050 nm laser irradiation and a large birefringence
(0.158 @ 2050 nm). This study provides a facile route for designing SHG materials by assembling various
vanadium oxide-fluoride motifs and iodate anions into one compound.
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Introduction

Polar crystals are one of the hotspots for scientific investiga-
tions, and are urgently needed in the fields of pyroelectrics,
ferroelectrics, piezoelectrics and SHG optics. As an input laser
passes through an SHG crystal, frequency doubling occurs,
which can extend the spectral ranges of the output laser.”
Hence, the SHG crystals play a crucial role in modern laser
science and technology. On the other hand, the birefringent
crystals that can create and control the polarized light, are also
highly needed in the laser industry.*® Notably, SHG efficiency
and birefringence are primarily related to the polarization and
anisotropic properties of crystal structures.”

The iodate anion is able to exhibit giant microscopic acen-
tricity owing to the second-order Jahn-Teller (SOJT) distortion
induced by the lone-pair electrons of the I’* cation.
Accordingly, the design and synthesis of novel metal iodates
with aligned I0; groups have attracted tremendous commercial
and academic interest. Of great importance are metal iodates
which can exhibit high SHG response (dj; > 10 x KDP) or/and
large birefringence (An > 0.15 @ 1064 nm)."** Recently, two
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new effective routes to high performance metal iodate SHG
crystals have been developed. One is using the 2D [Bi,0,]*" layer
and 3D [BiF,]" cationic network for the confined iodate anions
to be arranged in a favorable additive fashion, which has
successfully led to the discovery of BiO(I03) (12.5 x KDP)* and
Bi(IO3)F, (11.5 x KDP, 0.22 @ 1064 nm).** On the other hand,
the condensation of iodate anions can also lead to the forma-
tion of polyiodates with outstanding SHG or birefringence
properties, such as GdI;0,, (15 x KDP)* and SrI,OsF, (0.180 @
1064 nm).>®

The V**-centered polyhedra feature rich structural configu-
rations and large optical anisotropy. The V°* cation can be four,
five and six coordinated with tetrahedral, trigonal-bipyramidal
and octahedral geometries, respectively. Many metal vana-
dates featuring an isolated VO, tetrahedron are able to display
large SHG effects, such as LizVO, (6 x KDP), LiRb,VO, (5 X
KDP) and SrTa,V,04; (0.5 x LiNbO3).>*** Interestingly, K3V501,4
(100 x a-Si0,) contains a 2D [V50y4]°~ layer involving both VO,
and VO; groups.®® Moreover, introducing the V** cation into
metal iodate might help in achieving large SHG effects, hence
the vanadyl iodates are an ideal class of materials for the
exploration of SHG crystals.>*** The VO, tetrahedron usually
does not link with the I0; units directly, so as to form mixed
anion compounds. Only Zn,(VO,4)(I0;) (6 x KDP) is SHG-active,
which features isolated (VO4)*~ and (I0;)” anions bridged by
Zn** cations.* The five-coordinated V>* cation can be connected
to 1D V-10; chains via the bridging of iodate units, such as the
1D [VO,(I03),]” chain in NavO,(I0;),(H,0) (20 x KDP, 0.22 @
1064 nm).* Besides, the SOJT effect of the V°* cation can lead to
the octahedron being distorted toward a corner (C4), an edge

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(C2) or a face (C3), such as the VOsF octahedron (C2 distortion)
in CsVO,F(10;5) (1.1 x KTP),** VO,F, (C3 distortion) in «- and B-
Ba,[VO,F,(103),](I05) (9 x KDP)* and VOg (C4 distortion) in
K(VO),0,(I03); (3.6 x KTP).*® So far, however, all of the metal
vanadyl iodates reported involve only a kind of V*>'-centered
polyhedron. It is of great interest but challenging if two
different types of V-centered polyhedra can be combined into
one metal iodate. In addition, exploring novel SHG materials
with unprecedented crystal structures via the substitution and
bridging of V-centered oxyfluoride groups such as the VO,F,
octahedron in 0D A-shaped cis-[VO,F,(10;),]°~ polyanions is
a facile route.** We also hope that new SHG-active vanadium
iodate-fluorides feature a smaller-dimensional anionic archi-
tecture in order to exhibit a larger birefringence.

Our explorations of the A'™-V*'-(I0;) -F  system have
resulted in the discovery of K;V,0;3F4(I03);, which features an
unprecedented 0D [V,0;F4(10;);]*~ binucleate polyanion, being
composed of both the VO,F, octahedron and VO,F, trigonal-
bipyramid. Significantly, K;V,03F,(I0;); features a strong SHG
effect of 1.3 x KTP under 2050 nm laser irradiation and a large
birefringence of 0.158 @ 2050 nm.

Experimental
Materials and synthesis

Caution: Hydrofluoric acid is toxic and corrosive! It must be
handled with extreme caution and appropriate protective equip-
ment and training.

K,COj; (>98%), V,05 (>98%), HF (48-51%), and HIO (98%),
were used as purchased from Adamas-beta. Single crystals of
K3V,0;3F,4(I03); were obtained via hydrothermal reactions. The
starting materials are V,0s;, (91 mg, 0.5 mmol), K,COs,
(124.4 mg, 0.9 mmol), H510¢ (250.8 mg, 1.1 mmol), HF (0.35 mL)
and H,O (1 mL). A mixture of the starting materials was put into
Teflon pouches (23 mL) sealed in an autoclave, which was
heated at 230 °C for 72 hours and cooled to 30 °C at 4 °C h™".
Yellow brick-shaped crystals of K3V,03F4(I03); were obtained in
high yields of ~85% (based on I). The phase purity of
K3V,03F,4(I03); was checked by powder-XRD (Fig. S1f). The
field-emission scanning electron microscopy (FESEM) analyses
of K3V,03F,(I0;); revealed the existence of K, V, I and F
elements (Fig. S21), and the molar ratio of K:V:I:F
(1:64:1.53:2.46) is consistent with the compositions deter-
mined by single-crystal XRD analysis.

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns were recorded on
a Rigaku MiniFlex II diffractometer with graphite-
monochromated Cu Ka radiation in the 26 range of 10-70°
with a step size of 0.02°.

Energy-dispersive X-ray spectroscopy

Microprobe elemental analyses were performed on a field-
emission scanning electron microscope (FESEM, JSM6700F)
equipped with an energy-dispersive X-ray spectroscope (EDS,
Oxford INCA).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Thermal analysis

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed with a NETZCH STA 449F3
unit under a N, atmosphere, at a heating rate of 10 °C min~!in
the range from 30 to 1000 °C.

Optical measurements

Infrared (IR) spectra were recorded on a Magna 750 FT-IR
spectrometer in the form of KBr pellets in the range from
4000 to 400 cm ™.

Ultraviolet-visible-infrared (UV-vis-IR) spectra in the range of
200-2500 nm were recorded on a PerkinElmer Lambda 950 UV-
vis-NIR spectrophotometer. Reflectance spectra were converted
into absorption spectra by using the Kubelka-Munk function.*

Second harmonic generation measurements

Powder SHG measurements were taken with a Q switch Nd: YAG
laser generating radiation at 2.05 um according to the method
of Kurtz and Perry.** Crystalline K3V,03F,(I03); samples were
sieved into distinct particle-size ranges (45-53, 53-75, 75-105,
105-150, 150-210, and 210-300 pum). Sieved KTiOPO, (KTP)
samples in the same particle-size range were used as references.
The SHG response of a-Ba,[VO,F,(103),](I03),* a-Ba,[GaF,(-
105),](I05)* and y-KMo0O5(10;)* was remeasured under the
same experimental conditions.

Single crystal structure determination

Single-crystal X-ray diffraction data for the title compound were
collected on an Agilent Technologies SuperNova dual-
wavelength CCD diffractometer with Mo Ko radiation (A =
0.71073 A) at 293 K. Data reduction was performed with Cry-
sAlisPro, and the absorption correction based on the multi-scan
method was applied.”” The structure of K;V,03F,(I03); was
determined by the direct methods and refined by full-matrix
least-squares fitting on F* using SHELXL-2014.** All of the
non-hydrogen atoms were refined with anisotropic thermal
parameters. The structure was checked for missing symmetry
elements using PLATON, and none were found.*” The flack
factor was refined to be —0.04(3), indicating the correctness of
its absolute structure.®® Crystallographic data and structural
refinements of the compound are listed in Table 1, and selected
bond distances, as well as bond angles, are listed in Tables S1
and S2.1

Computational method

The electronic structure and optical properties were determined
using a plane-wave pseudopotential method within density
functional theory (DFT) implemented in the total energy code
CASTEP.*"** For the exchange and correlation functional, we
chose Perdew-Burke-Ernzerhof (PBE) in the generalized
gradient approximation (GGA).*® The interactions between the
ionic cores and the electrons were described using the norm-
conserving pseudopotential.>® The following orbital electrons
were treated as valence electrons: I-5s°5p°, V-3s*3p®3d°4s?, K-
35°3p°4s’, 0-2s*2p* and F-25”2p°. The numbers of plane waves
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included in the basis sets were determined using the cutoff
energy of 850 eV. A Monkhorst-Pack k-point sampling of 2 x 2
x 3 was used to perform numerical integration of the Brillouin
zone. During the optical property calculations, more than 900
empty bands were involved to ensure the convergence of linear
optical properties and SHG coefficients. The other parameters
and convergent criteria are the default values of the CASTEP
code.’>*?

The calculations of second-order NLO properties were based
on length-gauge formalism within the independent-particle
approximation.” We adopted Chen's static formula, which
was derived by Rashkeev et al.>® and later improved by Chen's
group. The static second-order NLO susceptibility can be
expressed as

X7 = x™7 (VE) + x*®" (VH) + x*¥ (two bands)

where x**' (VE) and x**' (VH) contribute to x** from virtual-
electron processes and virtual-hole processes, respectively,
and x*® (two bands) contributes to x*** from the two-band
processes. The formulae for calculating x**¥ (VE), and x**"
(VH), are given in ref. 57.

Results and discussion
Crystal structure

K3V,03F,4(103); crystallizes in the polar space group Cmc24 (no.
36) (Table 1). Compared to previously discovered vanadium
iodates, K3V,03F4(10;); exhibits a novel 0D [V,03F,4(10;);]*~
binuclear polyanion, with K" ions acting as the counter cations
to achieve the charge balance (Fig. 1).

The asymmetric unit of K3V,03F,(I03); contains 2 K, 2 V, 2 1,
2 F, and 8 O atoms, among which the K(1), V(1), V(2), I(2), and
0O(5)-0(8) atoms lie on the mirror plane whereas the remaining
atoms are located at the general sites. All of the I°* cations link
with three O atoms with the bond lengths ranging from 1.782(6)
to 1.882(6) A and the lone-pair electrons occupy the open side of
the I0; trigonal pyramid.

Table 1 Crystallographic data for KzV,03F4(10<)3

Formula K3V03F4(I103)3
Formula weight 867.88

Crystal system Orthorhombic
Space group Cme2,

T (K) 293(2)

a(A) 11.6073(9)

b (A) 8.5216(7)

c (&) 15.0983(12)
V(&%) 1493.41(20)

zZ 4

D, (g cm?) 3.860

w (mm™) 8.393
Goodness of fit on F* 1.022

Flack factor —0.04(3)

Ry, WR, [I > 20([]]”
Ry, WR, (all data)®

“ Ry = Y||Fo| — [Fell /5 IFo| and wRy = {3 w{(Fo)* — (FeP/S-wl(Fo) T}

456 | Chem. Sci, 2022, 13, 454-460
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Fig. 1 View of the structures 0D [VoOsF4(I03)3]*~ polyanion (a) and
K3V,03F4(103)3 along the b-axis (b).

The V(1) atom links with two oxo, two fluoride and two iodate
anions to form a A-shaped cis-[VO,F,(10;),]>~ polyanion
(Fig. 1a). Within the V(1)O,F, polyhedron, there are one short
(1.576(10) A) and one long (2.311(9) A) V-O bonds as well as four
normal (1.872(6) A for V-0; 1.872(5) A for V-F) bonds (Fig. S3at).
The cis- and trans-O/F-V(1)-O/F bond angles are in the range of
79.0(2)-101.7(3)° and 158.2(3)-178.9(4)°, respectively. Hence,
the coordination geometry of the V(1)>* cation is a distorted
octahedron (C4 direction). The distortion magnitude, Ad is
defined as the difference in the diagonal bond lengths divided
by the cosine of the related angle. The Ad of the VO,F, octa-
hedron in K;3V,03F4(I0;3); was calculated to be 0.74, which is
larger than that of VO (0.62, C4 direction) in K(VO),0,(103)3,*®
but smaller than those of the VO,F, octahedron (1.20, C3
direction) in «-Ba,[VO,F,(103),](I05)*® and VOsF (1.23, C2
direction) in CsVO,F(103).**

The V(2) atom is five-coordinated by two oxo, two fluoride
anions, and one oxygen atom from an iodate anion (Fig. 1a).
Within the V(2)O3F, group, there are two short (1.633(9) and
1.700(9) A) and one long (2.032(8) A) V-0 bonds as well as two
normal (1.856(6) A) V-F bonds (Fig. S3bt). The O-V(1)-O bond
angles are in the range of 102.9(4)-150.3(4)° and the F-V(1)-F
bond angle is 155.7(3)°. Hence, the V(2)OsF, group can be
described as a distorted tetragonal pyramid, which is similar to
VO,F in B-Ba[VFO,(10;),].*

The A-shaped cis-[VO,F,(10;3),]>~ anion and the [VO,F,(-
I0;)]>” anion are bridged via the corner-sharing (O(6)) into
a unique 0D [V,03F,4(10;);]*” polyanion (Fig. 1a). The 0D

© 2022 The Author(s). Published by the Royal Society of Chemistry
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[V,03F4(10;3);]>” anion can also be regarded as a binuclear
[V,O3F,] corner-sharing with three iodate anions, two on the six-
coordinated V(1) center and one on the five-coordinated V(2)
center. All of the K" ions act as spacers between [V,03F4(103);]*~
polyanions and maintain charge balance. K(1) is eight coordi-
nated by one VO,F, octahedron in a bidentate fashion (2F) and
three 103~ units also in a bidentate fashion, whereas the K(2)
atom is seven-coordinated by two oxygen atoms from two 10;™
anions, one F and one O from a VO,F, octahedron, and three F
from one VO,F, and two VO;F, units (Fig. S41). The K-F and
K-O bond lengths are in the ranges of 2.621(6)-2.736(6) A and
2.720(6)-3.067 (8) A, respectively. The values of bond valence
sum (BVS) are calculated to be 1.048, 0.962, 5.051, 4.794, 4.973,
and 4.801 for K(1), K(2), V(1), V(2), I(1) and I(2), respectively,
showing that their oxidation states are +1, +5 and +5.

Structural comparison

It is interesting to note that both the [V,03F,(I0;);]*~ anion in
K3V,05F,(I0;); and [VO,F(IO3)]” anion in CsVO,F(IO;) can be
related to the 0D A-shaped cis[VO,F,(10;),]°” unit in o-Ba,[-
VO,F,(105),](I0;), the first example of a metal vanadium iodate-
fluoride.® For the structural transformation from a-Ba,[VO,-
F,(10;),](I0;) to CsVO,F(I0;), the 0D [VO,F,(I0;),]*~ units are
changed into 0D [VO3F,(10;),]*” units via the replacement of
one F with one O atom, and then the neighboring 0D A-shaped
units are bridged via the connections of axial oxide and iodate
anions.* However for K;V,03F,(I03)3, one (IO3)” group in one
half 0D [VO,F,(I10;),]>~ unit was omitted, while the other half 0D
[VO,F,(I0;3),]>~ unit sustains the A-shaped configuration, and

6
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then such different neighboring 0D units are connected via the
corner-sharing of one oxide anion only. Hence, the dimension-
ality of the [V,05F4(10;3);]>~ anion in K3V,03F,(I0;); is smaller
than that of the [VO,F(IO5)]” anion in CsVO,F(IOs) (0D vs. 3D).

Thermal and optical properties

The thermogravimetric (TG) analyses revealed that
K3V,03F,4(103); is thermally stable up to 220 °C (Fig. 2a). The IR
spectrum of K3V,03F,(I03); indicates that the sharp absorption
peaks mostly appear in the range of 400-1025 cm™ ', which can
be assigned to the V-O vibrations (824-994 cm ') and I-O
vibrations (411-783 cm ') (Fig. S51).3*%° The UV-vis-IR spectrum
shows that K3V,03F,(I03); has a bandgap of 2.40 eV related to
the absorption edge of 485 nm (Fig. 2b).

SHG properties

Under 2050 nm laser irradiation, K;V,03F,(103); displays a very
strong SHG signal, which is 1.3 times as large as that of KTP
with a particle size of 150-210 pm. Furthermore, it is type-I
phase-matchable (Fig. 2c and d). Compared to the metal
iodates with A-shaped motifs such as Ks(W300F,)(I03) (1.0 X
KTP),’ 0-Ba,[GaF,(I05),](10;) (0.4 x KTP)* and y-KMoO5(I0;)
(1.1 x KTP)* as well as the crystals containing different V-
centered polyhedra such as K3V5044 (100 x a-SiO,)** and Pb,(-
V,0,4F)(VO,)(SeO3); (0.3 x KDP),*® K3V,03F4(IO0;3); features
a higher SHG performance.

It is interesting to compare the SHG effect of K3V,03F,(103)3
with previously reported vanadium iodates (Table S31). The SHG

(b)
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Fig. 2 The TG-DSC curves (a), the UV-vis-IR spectrum (b), the measured oscilloscope traces of the SHG signals (150-210 pm) (c) and SHG
intensity vs. particle size of compounds under 2050 nm laser irradiation (d). KTP served as the reference.
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response of K;V,0;3F4(I03); is stronger than that of other metal
vanadium iodate-fluorides such as a-Ba,[VO,F,(10;),](10;) (0.7
x KTP) and CsVO,F(I0;) (1.1 x KTP).>*** However, compared
with K(VO),0,(103);, K3V,03F,(I0;); features a smaller SHG
effect (1.3 vs. 3.6 x KTP), which can be attributed to the well-
arranged VO, octahedra and I0; groups in the 1D [(VO),0,(-
105);]” chain in K(VO),0,(10;);. Hence, we consider that the
ideal alignment of vanadium oxide-fluoride and iodate anions
may lead to an outstanding SHG effect, which is an effective
route for the exploration of high-performance SHG crystals.

Structure—property relationship analysis

The calculation of the band that
K3V,03F,4(I03); is an indirect bandgap compound with
a bandgap of 2.212 eV, which is smaller than the 2.40 eV from
our UV-vis-IR measurements (Fig. 3a). Therefore, a small scissor
of 0.188 eV was used for the more accurate description of optical
properties.

The partial density of states (PDOS) graph of K3V,03F,4(I03);
is shown in Fig. S6.1 The highest valence band (VB) is occupied
by the O-2p states whereas the lowest conduction band (CB) is
occupied by the large, medium and small amounts of V-4d, O-2p
and I-5p states, respectively. Hence, V, I and O atoms dominated
the bandgap of K3V,03F4(103)s;.

Calculations of the birefringent properties of K3V,03F,(103)3
were performed (Fig. 3b). The birefringence of K;V,03F,(103); is
calculated to be 0.158 @ 2050 nm, which is large enough to
achieve phase-matching. Compared to previously reported
metal vanadium iodate-fluorides including «-Ba,[VO,F,(-
105),](I03) and CsVO,F(103),**** reduction of the structural
dimension from the 3D [VO,F(I0;)]” framework to the 0D unit
produces a large enhancement of optical anisotropy. Hence, the
birefringence of K3;V,03F4(I0;3); (0.158 @ 2050 nm) and o-
Ba,[VO,F,(I103),](103) (0.200 @ 2050 nm) is far larger than that
of CsVO,F(I03) (0.04 @ 2050 nm).*** Additionally, the bire-
fringence of K3V,03F,(I05); at 1064 nm (0.168) is also larger

structure showed
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Fig. 3 The calculated band structure (a), the birefringence (b), and the
SHG density plots: (c) VB and (d) CB for KzV,OzF4(103)s.
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than that of Ks5(W3;00F,)(I0;) (0.083 @ 1064 nm),'® o-Ba,|[-
GaF,(103),](I05) (0.126 @ 1064 nm)** and y-KMoOj3(I103) (0.087
@ 1064 nm)*® with A-shaped motifs.

The specific SHG contributions from the respective groups
have also been studied by DFT calculations. The calculated non-
vanishing independent SHG tensors are d;5 = 15.23 pm V', dy4
= 1.98 pm V', and ds; = 11.46 pm V '. Notably, the largest
SHG d,5 tensor is 15.23 pm V', which is larger than that of
CsVO,F(I0;) (13.9 pm V%), a-Ba,[VO,F,(10;),](10;) (ds; = 4.68
pm V'), y-KMoO3(10;) (dy; = 5.76 pm V') and o-Ba,[GaF,(-
105),](103) (d33 = 1.93 pm V~1),3435454 The calculated results are
roughly consistent with the SHG effect magnitude:
K;3V,03F,(10;); (1.3 x KTP) > CsVO,F(I0;) (1.1 x KTP) = y-
KMo0O;(103) (1.1 x KTP) > 0-Ba,[VO,F,(105),](103) (0.7 x KTP) >
0-Ba,[GaF,(10;),](I03) (0.4 x KTP).343>4540

Furthermore, the SHG origins of K;V,0;F,(10;); were investi-
gated and the SHG density maps are shown in Fig. 3c and d. The
dominating SHG source is the non-bonding O-2p states in the VB,
whereas, in the CB, the empty V-3d states, O-2p states from V-O-I
bridges, and few F-2p states define the SHG response of
K3V,03F4(I03);. The SHG contribution percentages of VO,F,,
VOsF,, and I0; groups are 32.5%, 15.6%, and 50.2%, respectively.
Accordingly, we suggest that assembling different vanadium
oxide fluoride motifs and iodate anions produces a synergistic
effect, and led to a strong SHG response for KzV,03F,(105)s.

Conclusions

In conclusion, explorations of metal vanadium iodate-fluorides
afforded K;V,05F4(103); with a 0D [V,03F,(I0;);]>~ polyanion,
which is composed of three types of SHG functional groups
(VO4F, octahedron, VOsF, square pyramid, and 10; triangular
pyramid). Interestingly, K;V,03F4(I0;); exhibits a very strong
SHG effect (1.3 x KTP) and a large birefringence (0.158 @ 2050
nm). Therefore, K;V,03F4(I0;); is a promising SHG crystal.
Further studies to explore new metal iodate SHG materials
containing two different d>TM centered polyhedra are in
progress.
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