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Two New Noncentrosymmetric Polar Oxides: Synthesis,
Characterization, Second-Harmonic Generating, and
Pyroelectric Measurements on TISeVG@ and TITeVOs
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Two new noncentrosymmetric (NCS) polar quaternary oxides, TIM{® = Se'* or Te*t), have
been synthesized by hydrothermal techniques usinGdd, SeQ (Te(,), and W\Os as reagents. The
structures were determined by single-crystal X-ray diffraction (TIS¢\é@horhombic, space grougna2;
(No. 33) witha = 7.1639(15) A = 8.6630(19) Ac = 7.8946(17) AV = 489.95(18) R, andZ = 4;
TITeVOs, orthorhombic, space gropna2; (No. 33) witha = 7.319(3) A,b = 8.749(4) A,c = 7.868-
(3) A, V = 503.8(4) B, Z = 4). The materials exhibit NCS and polar three-dimensional structures
consisting of chains of corner shared y@rtahedra connected by Se@eQ,) and TIQ; polyhedra. The
V5, Set (Te*), and TIF cations are in asymmetric coordination environments attributable to second-
order Jahr-Teller (SOJT) effects. The ¥ cations undergo intra-octahedral distortions toward an edge
(local G direction), whereas the $e(Te*") and Tl cations are in distorted coordination environments
attributable to their lone-pair. As the materials are NCS and polar, second-harmonic generating (SHG),
ferroelectric, and pyroelectric measurements were performed. The SHG measurements, using 1064 nm
radiation, revealed doubling efficiencies-el0 x a-SiO; for both TISeVQ and TITeVQ. Ferroelectric
measurements indicated the materials are not “switchable”; that is, the local dipole moment cannot be
reversed in the presence of an external electric field. Pyroelectric measurements revealed a total pyroelectric
coefficient, p, of —2.9 and—1.9 uC/m?-K, for TISeVOs and TITeVQ, respectively. Infrared, Raman,
UV —vis diffuse reflectance spectroscopy, and thermal analyses are also presented.

Introduction material$’1® by synthesizing oxides containing cations

Noncentrosymmetric (NCS) compounds are of current susceptible to second-order Jafireller (SOJT) distor-
Y P tions1”~23 The distortion can occur in two different types of

interest in materla}ls chemistry due to their technologlcal!y cations, @ transition metals (T, V5+, Nb*, MoS*, We+)
important properties such as second-harmonic generation

) ; . oy n +

(SHG), piezoelectricity, ferroelectricity, and pyroelectridity. af‘;ﬂ Ca“fns \Tth itereoactlve ane paws“(‘Sél’e“ ' S.b? .
. . : . o Bi®*, P, Sret, TI), and results in asymmetric coordination

With inorganic materials, the macroscopic acentricity is often environments

a manifestation (_)f the asymmetric coor_dlnatlon environments We have chosen to investigate the TS (Te*)—do—

of the metal cations. The asymmetry is a necessary but nOtoxide svstern. especially. where not onlv tHetdnsition

sufficient condition for producing crystallographic NCS. That Y » €SP Y y

is, the material may crystallize with the asymmetric units (g) welk, M. E.; Norquist, A. J.; Amold, F. P.; Stern, C. L.; Poeppelmeier,

aligned in an inversion relationship, leading to overall © *é R. IngghChfm-szgz 416}?119? 2002 35, 511
. . vans, O. R.; Lin, cc. Chem. Re , .
crystallographic centrosymmetry. Recently, a variety of (10) Hwu, S-J.; Ulutagay-Kartin, M.; Clayhold, J. A.: Mackay, R.;

strategies have been put forth for the design of new NCS Wardojo, T. A.; O’'Connor, C. J.; Kraweic, Ml. Am. Chem. Soc.

i —10 ; 2002 124, 12404.
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metal is \P* (strong distorter§*2® but also to couple the
SOJT distortions of t(V>*) cation with two different lone-
pair cations (S¥ or Te*" and TI) and thereby promote the
formation of new NCS materials. With respect to oxides
containing octahedrally coordinated® dation with two
different lone-pair cations, a few compounds, BiNBOg,?¢
Pb;TeeMloo41 (M = Nb or Ta.),27 BizTEzWO]_o,ZS Biz-
T92W3016,29 T|2(M003)3SE‘Q,30 and TIzTeMOZOG(PO4)2,31
have been reported. Among these compound$MBOs)s-
SeQ®is noncentrosymmetric. Our investigation of the-TI
Se(Te)V—oxide system resulted in the synthesis of two
new noncentrosymmetric materials, TISeM&hd TITeVQ.

The syntheses, structures, and characterization of these two

materials are reported.

Experimental Section

ReagentsTI,CO; (Alfa Aesar, 99%), Se@(Alfa Aesar, 99.4%),
TeQ; (Aldrich, 99+%), and \LOs (Aldrich, 99.6+%) were used
as received.

SynthesesFor TISeVQG, 0.4568 g (1 mmol) of HICO;, 0.6103
g (5.5 mmol) of Se@ and 0.1818 g (1 mmol) of ¥s were
combined with 10 mL of HO. For TITeVGQ, 0.2284 g (0.5 mmol)
of TI,CO;, 0.1595 g (1 mmol) of Te® and 0.0909 g (0.5 mmol)
of V,0s were combined with 10 mL of D. The respective
solutions were placed in 23-mL Teflon-lined autoclaves that were

subsequently sealed. The autoclaves were gradually heated to 230

°C, held for 3 d, and cooled slowly to room temperature at a rate
of 6 °C h~1. The mother liquor was decanted from the products,
and the products were recovered by filtration and washed with
distilled water. Yellow crystals, the only product from each reaction,
were obtained in near quantitative yield.

Single-Crystal X-ray Diffraction. For TISeVG and TITeVQ,
yellow blocks 0.07x 0.04 x 0.02 mn?# and 0.06x 0.03 x 0.02
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Table 1. Crystallographic Data for TIMVO 5 (M = Se, Te)

formula TISeVGQ TITeVOs
fw 414.27 462.91
space group Pna2; (No. 33) Pna2; (No. 33)
a(A) 7.1639(15) 7.319(3)

b (A) 8.6630(19) 8.749(4)
c(A) 7.8946(17) 7.868(3)

o (deg) 90 90

£ (deg) 90 90

y (deg) 20 90

V (A3) 489.95(18) 503.8(4)

z 4 4

T(K) 293.0(2) 293.0(2)

2 (A) 0.71073 0.71073
reflections collected 1196 1196
Flack parameter —0.021(11) —0.002(12)
Pealed (9 CTTT3) 5.616 6.103
R(F)2 0.0271 0.0442
Ru(FAP 0.0606 0.1156

2R(F) = ZIIFol = IFdll/Z|Fol. * Ru(Fo?) = [IW(Fo? — FA)YIW(Fo)7 V2

Table 2. Atomic Coordinates for TISeVG;

atom X y z Ueq) (A2)2
Tl 0.02531(5)  0.11711(4) 0.10075(7)  0.0258(2)
Se —0.04792(11) 0.48408(9) 0.40380(10)  0.0066(2)
~0.2152(2) 0.2624(1)  0.6946(2) 0.0075(3)
O(1) —0.2223(8) 0.1790(7)  0.5078(9) 0.0145(12)
0() 0.1087(9) 0.6271(6)  0.4303(7) 0.0086(11)
0O(3) —0.4329(8) 0.3239(6)  0.7282(7) 0.0091(11)
O(4)  —0.1083(8) 0.4575(6)  0.6142(8) 0.0109(10)
O(5)  —0.2491(8) 0.0800(7)  0.8422(8) 0.0131(12)

2 Ueqis defined as one-third of the trace of the orthogonallagtensor.

atoms were refined with anisotropic thermal parameters. The
refinement converged far> 20(1). All calculations were performed
using the WinGX-98 crystallographic software packé&geelevant
crystallographic data, atomic coordinates, and selected bond
distances are given in Tables-%.

mne, respectively, were used for single-crystal data analyses. Data Powder X-ray Diffraction. Powder X-ray diffraction (XRD)

were collected using a Siemens SMART diffractometer equipped
with a 1K CCD area detector using graphite monochromated Mo
Ko radiation. A hemisphere of data was collected using a narrow-

was used to confirm the phase purity of each sample. The powder
XRD data were collected on a Scintag XDS2000 diffractometer at
room temperature (Cud<radiation,§—6 mode, flat plate geometry)

frame method with scan widths of 0.30 in., and an exposure time €quipped with Peltier germanium solid-state detector in theage
of 25 s per frame. The first 50 frames were remeasured at the end3—70" with a step size of 0.02. The experimental powder XRD

of the data collection to monitor instrument and crystal stability.
The maximum correction applied to the intensities wd®6. The
data were integrated using the Siemens SAINT progfawith
the intensities corrected for Lorentz polarization, air absorption,

data are in good agreement with the calculated data based on the
single-crystal models (see Supporting Information, Figures S3 and
S4).

Infrared and Raman Spectroscopy. Infrared spectra were

and absorption attributable to the variation in the path length through recorded on a Matteson FTIR 5000 spectrometer in the-4000

the detector faceplateéV-scans were used for the absorption

cm! range, with the sample pressed between two KBr pellets.

correction on the hemisphere of data. The data were solved by directRaman spectra were recorded at room temperature under the control

methods using SHELXS-9%and refined using SHELXL-9% All

(24) Halasyamani, P. $££hem. Mater2004 16, 3586.

(25) Ok, K. M.; Halasyamani, P. S.; Casanova, D.; Llunell, M.; Alemany,
P.; Alvarez, SChem. Mater2006 18, 3176.

(26) Blanchandin, S.; Champarnaud-Mesjard, J. C.; Thomas, P.; Frit, B.
Solid State Sci200Q 2, 223.

(27) Ok, K. M.; Halasyamani, P. $norg. Chem.2004 43, 4248.

(28) Champarnaud-Mesjard, J. C.; Frit, B.; Chagraoui, A.; Tairi,ZA.
Anorg. Allg. Chem1996 622, 1907.

(29) Champarnaud-Mesjard, J. C.; Frit, B.; Chagraoui, A.; Tairi)./Solid
State Chem1996 127, 248.

(30) Dussack, L. L.; Harrison, W. T. A.; Jacobson, AMhter. Res. Bull.
1996 31, 249.

(31) Guesdon, A.; Raveau, Bhem. Mater200Q 12, 2239.

(32) SAINT Version 4.05, Program for Area Detector Absorption Correc-
tion; Siemens Analytical X-ray Instruments: Madison, WI, 1995.

(33) Sheldrick, G. M.SHELXS-97-A program for automatic solution of
crystal structuresUniversity of Goettingen: Goettingen, Germany,
1997.

of a Spex DM3000 microcomputer system using a conventional
scanning Raman instrument equipped with a Spex 1403 double
monochromator (with a pair of 1800 grooves/mm gratings) and a
Hamamatsu 928 photomultiplier detector. The powder samples were
placed in separate capillary tubes during the experiment. Excitation
was provided by a coherent Aion laser at a wavelength of 457
nm with 100 mW laser power and 4 cislit widths.

UV—Vis Diffuse Reflectance SpectroscopyUV—vis diffuse
reflectance data for the title compounds were collected on a Varian
Cary 500 scan UVvis—NIR spectrophotometer over the spectral
range 306-1500 nm at room temperature. Poly(tetrafluoroethylene)
was used as a reference material. Reflectance spectra were converted
to absorbance with the Kubelkdlunk function36

(34) Sheldrick, G. MSHELXL-97-A program for crystal structure refine-
ment University of Goettingen: Goettingen, Germany, 1997.
(35) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837.
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Thermogravimetric Analysis. Thermogravimetric analyses were
carried out on a TGA 2050 thermogravimetric analyzer (TA
instruments). The sample was contained within a platinum crucible
and heated in flowing nitrogen at a rate of 40 min~! to 1000
°C.

Differential Scanning Calorimetry. Differential scanning calo-
rimetric analyses were also carried out on a DSC 2920 differential
scanning calorimeter (TA instruments). The sample was placed in
an aluminum pan and heated in flowing nitrogen at a rate %€ 5

min~! to a maximum of 500C. @
Second Harmonic Generation.Powder SHG measurements ® S¢”
were performed on a modified Kurtz-NLO syst&sing a pulsed LA
[ Nea

Nd:YAG laser with a wavelength of 1064 nm. A detailed description

of the equipment and methodology has been publi$h&Because

the SHG efficiency has been shown to depend strongly on particle

size, samples were ground and sieved into distinct particle size

ranges (26-45, 45-63, 63-75, 75-90, >90um). To make relevant Figure 1. Ball-and-stick representation of TISe¥@n the bc-plane is

comparisons with known SHG materials, crystalline Sighd shown. The lone-pair on Tl (purple) and S¥ (green) are shown

LiNbO; were also ground and sieved into the same particle size Schematically and point toward the “gaps” in the structure.

ranges. No index matching fluid was used in any of the experiments. Table 3. Selected Bond Distances (A) for TISev©
Piezoelectric MeasurementsConverse piezoelectric measure-

ments were performed using a Radiant Technologies RT66A

bond distance

piezoelectric test system with a TREK (model 609E-6) high voltage x:gg; ;gg’gg
amplifier, Precision Materials Analyzer, Precision High Voltage V—0(3) 1:669(6)
Interface, and MTI 2000 Fotonic Sensor. V—0(3) 2.172(6)
Ferroelectric and Pyroelectric Measurements.Polarization V—0(4) 1.961(5)
measurements were carried out on a Radiant Technologies RT66A V=0(5) 1.978(6)
. . . o Se-0(2) 1.685(6)
ferroelectric test system with a TREK high-voltage amplifier in a Se-0(4) 1.732(6)
Delta 9023 environmental test chamber. The pyroelectric coefficient, Se-0(5) 1.744(6)
defined as B/dT (change in polarization with respect to the change TI-0(1) 3.018(6)
in temperature), was determined by measuring the polarization as TI-0(2) 2.764(5)
a function of temperature. A detailed description of the methodology E:g% ggﬁg
used has been published elsewhérgéhe samples were pressed TI-0(3) 3.000(6)
into pellets (12 mm diametery1 mm thick) and sintered, well TI-0(4) 3.294(6)
below the decomposition temperatures, at 230 and°8Débr 12 TI-0(5) 2.852(6)
TI-0O(5) 3.019(6)

h for TISeVG; and TITeVQ, respectively. Conducting silver paste

was applied to both sides of the pellet for electrode and cured at . . .
200°C for 3 h. The polarization was measured statically from room distortion attributable to SOJT effects that creates bond

temperature to 85C in 15°C increments, with an electric field of ~ asymmetries within the V€octahedron. Two “short” (1.643-
20 kV/cm. The temperature was allowed to stabilize before the (7) and 1.669(6) A), two “normal” (1.961(5) and 1.978(6)

polarization was measured. A), and two “long” (2.172(6) and 2.227(5) A) VO bonds
are observed, resulting in a>Vdistortion toward an edge
Results of the VQ; octahedron (local &direction). The S& cations

. are in distorted trigonal pyramidal environments, attributable
Structures. TISeV@. TISeVQ; is a new quaternary T to their lone-pair, bonded to three oxygen atoms. The@e

Sett—V5"—oxide exhibiting a three-dimensional structure bond distances range from 1.685(6) to 1.744(6) A. The TI
that con5|§ts of corner shared yoctahedra (}onnected by cations are also in asymmetric coordinate environments,
asymmetric Se9and TIG, polyhedra (see Figure l).' The attributable to their lone-pair, bonded to eight oxygen atoms.
crystal_ structure of TISeVomay be thought of consisting The TI-0O bond distances range from 2.764(5) to 3.294(6)
of chalns of corner shared _\éCOctahedra that run along the A (see Table 3). In connectivity terms, the structure may be
a-axis. Inter- and intrachain bonds are made by the ;SeO written as [(VQ,0)>(SeQp)*]~ with charge balance
polyhedra. The TI@ployhedra are involved in connecting maintained by the Tl cation. The bond valence calcula-
the VG; and Se@groups, resulting in the three-dimensional tions®®4%resulted in values of 1.02, 3.84, and 4.94 for Tl
structure (see Figure 1). Interestingly, each of the cations,SéA+ and A+ ' ' '
V5t Set, and TIF, are in asymmetric coordination environ- i
ments attributable to SOJT effects. Thé&"\¢ation is in a
distorted octahedral environment bonded to six oxygen
atoms, with \V-O bond distances ranging from 1.643(7) to
2.227(5) A. The V* cations undergo an out-of-center

cations, respectively.

TITeVQ. Although TITeVG and TISeVQ crystallize in
the same space groupna2;, and have similar unit cell
parameters, the compounds are not iso-structural. TIEeVO
is a new quaternary THTe*"—V5"—oxide that exhibits a
three-dimensional crystal structure consisting ofs\0ta-
hedra and Te@and TIQ; polyhedra (see Figure 2). Similar

(36) Kubelka, P.; Munk, FZ. Tech. Phys1931 12, 593.

(37) Kurtz, S. K.; Perry, T. TJ. Appl. Phys1968 39, 3798.

(38) Ok, K. M.; Bhuvanesh, N. S. P.; Halasyamani, PJSSolid State (39) Brown, I. D.; Altermatt, D Acta Crystallogr.1985 B41, 244.
Chem.2001 161, 57. (40) Brese, N. E.; O’'Keeffe, MActa Crystallogr.1991 B47, 192.
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Figure 2. Ball-and-stick representation of TITe\(Gn the bc-plane is
shown. The lone-pair on TI (purple) and T&" (green) are shown
schematically and point toward the “gaps” in the structure.

Table 4. Atomic Coordinates for TITeVOs

Chem. Mater., Vol. 19, No. 19, 20038

hedron. Two “short” (1.666(12) and 1.669(12) A), two
“normal” (1.926(11) and 1.971(10) A), and two “long”
(2.172(10) and 2.250(12) A) YO bonds are observed,
resulting in a \** distortion toward an edge of the (O
octahedron (local £direction). The Té&" cations are in
distorted square pyramidal environments, attributable to their
lone-pair, bonded to four oxygen atoms, with-T@ bond
distances ranging from 1.873(10) to 2.383(10) A. Thé TI
cations are also in asymmetric coordination environments,

: Tl attributable to their lone-pair, bonded to eight oxygen atoms.
oV The TI—0O bond distances range from 2.759(10) to 3.414-
. O (11) A (see Table 5). In connectivity terms, the structure

may be written as [(V@20130)*% (Te0,20,/3)*5"]~ with
charge balance maintained by the' Tdation. The bond
valence calculatiori$*°resulted in values of 0.96, 3.89, and
4.90 for TI*, Te*, and \P* cations, respectively.

Infrared and Raman Spectroscopy.The infrared and
Raman spectra of TISeMand TITeVQ revealed -0,
terminal V—0O (V=0), V—-0—V, M—0, and M-O—V (M

atom X y z Ueq) (A2 = Sé't or Té*) vibrations. The stretches, in the ranges-930

TI 0.02294(9) 0.10991(8) 0.09900(8) 0.0228(2) 900, 9006-700, and 706780 cn1!, can be attributed to

Te *0-025721()12) 0-4679(8()11) 0-4016(0()12) 0-0086((2)) terminal V—O (V=0), V-0, and \V0O-V vibrations,

% —0.2229(3 0.2601(2 0.7139(3 0.0091(5 ; ;

O) —02227(16) 0.1818(13) 0.5200(15) 0.016(2) respectively, whelreas the strgtches in the ranges-464

o) 0.1268(15) 0.6348(11) 0.4475(13) 0.011(2) and 786-643 cn1! can be attributed to S€0 and Te-O

88; —8.41183283 8.‘31‘2125&3 8.243%383 8.8%% vibrations, respectively, in both IR and Raman spectra. The
O() —0.2536(15) 0.0774(12) 0.8472(14) 0.014(2) infrared and Raman vibrations and their assignments are

@ Ueq)is defined as one-third of the trace of the orthogonalldgtensor.

Table 5. Selected Bond Distances (A) for TITeV®

Bond distance

listed in Table 6. The assignments are consistent with those
previously reported? 444

UV —Vis Diffuse Reflectance SpectroscopyBoth TISe-
VOs and TITeVGQ are yellow. The UV-vis diffuse reflec-
tance spectra indicate that the absorption energy for both

x:g(? ;igg(i? compounds is approximately 2.2 eV. Absorpti¢fi9) data
v—og3g 1:669&2; were calculated from the Kubelkaviunk function
V—0(3) 2.250(12)
V—0(4) 1.971(10) Y
V-0(5) 1.926(11) F(R) = A-R°_K
Te—0(2) 1.873(10) 2R S
Te—0(4) 1.947(10)
?2:82‘5‘; igggg% with R representing the reflectand¢ the absorption, an8
TI-0(1 3.005(12 the scattering. In &/SversuskE (eV) plot, extrapolating the

(1) (12)
TI-0(2) 2.759(10) linear part of the rising curve to zero provides the onset of
l::gg; 333283 absorption at 2.20 and 2.16 eV for TISeyénd TITeVQ,
TI-0(3) 2:888(11) respectively. It is suggested that the electronic transition
TI-0(4) 3.414(11) occurs between the filled highest energy orbitals, Tl 6s and
l::gg §§;‘Z§ﬂ§ 6p, and the lowest unoccupied orbitals, V 3d. The-tiNs

to TISeVGQ, the structure of TITeV@consists of chains of
corner-shared V@ octahedra that run along tha-axis.

Similar to TISeVQ, in TITeVOs inter- and intrachain
connections are made through the Tg®lyhedra. Also
similar to the reported selenite, in TITe¥'10s polyhedra

diffuse reflectance spectra for the reported compounds have
been deposited in the Supporting Information.

Thermal Analyses.The thermal behavior of TIMV@(M
= St or Te*) was investigated using thermogravimetric
analysis (TGA). TISeV@and TITeVGQ decompose at 300

and 700°C, respectively. The TGA curve for TISeVO
reveals a one step decomposition from 300 to 5@0
attributable to the sublimation of one mole of Se@alcd

connect the V@ and TeQ groups resulting in a three-

dimensional crystal structure (see Figure 2). With TITgVO
the \A*, Te*, and TI cations are in asymmetric coordination
environments attributable to SOJT effects. ThHe Yations

are in distorted octahedral environments, bonded to six (41) Frost R. L. Erickson, K. L.; Weier, M. L.; Carmody, Spectrochim.
Acta 2005 61A 829.

oxygen atoms, with VO bond distances ranging from (42) Sivakumar, T.; Ok, K. M.; Halasyamani, P. Borg. Chem.2006
1.666(12) to 2.250(12) A (see Table 5). Thé"\kation 45, 3602.

. . . (43) Ok, K. M.; Halasyamani, P. £hem. Mater2002 14, 2360.
undergoes an out-of-center dlstortl_on at_trll_autable to SOJT (44) Vaughey. J. T.. Harrison, W. T. A.; Dussack, L. L. Jacobson, A. J.
effects that create bond asymmetries within thes\60ta- Inorg. Chem.1994 33, 4370.
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Table 6. Infrared and Raman Data (cnm?) for TIMVO 5 (M = Sé** or Te*")

TISeVQ; TITeVOs
V=i V-0 Se-O V-0-V Se-0-V V=0 V-0 Te-O V—-0-V Te—-0O-V
IR (cm™)
903 885 767 730 657 902 850 784 747 647
808 649 708 829 715
799 537 807 671
606 522 614
581 464 513
492
Raman (cm?)
911 897 764 775 927 894 785 766 638
904 885 756 745 903 855 710 740
832 844 643
798 802
436
404

(exp) 26.78% (26.82%), resulting in the formation of TI¥O

A
300-500°C

TISeVQ, SeQ t+ TIVO,
Powder XRD pattern of the calcined product of TISeyO
at 600°C for 12 h, confirms the formation of TIVE¥ (see
Figure S10, Supporting Information). TITeV¥Onelts at
~415°C, and a single-step decomposition occurs, indicating
volatilization, above 700°C. The differential scanning
calorimetric (DSC) analysis for TITeV& reveals a strong
endothermic peak at 41%C attributable to the melting of
TITeVOs (see Figure S11, Supporting Information). Powder
XRD patterns of TISeV@heated at 230C in air for 12 h,
and TITeVQ heated at 400C for 10 min in air, reveal that
TISeVG; and TITeVQ are stable in air up to 230 and 400
°C, respectively. The TGA and DSC curves for both of the
materials are available in the Supporting Information.
Second Harmonic Generation.Because both TISeV{D
and TITeVQ crystallize in noncentrosymmetric space group,
Pna2;, SHG measurements were carried out. Powder SHG

appropriately dense pellets for our converse piezoelectric
measurements.

Ferroelectric Measurements. Although TISeVQ@ and
TITeVOs are polar, they are not ferroelectric; that is, their
dipole moment (polarization) cannot be reversed in the
presence of an external electric field. Polarization versus
electric field data for TISeV@and TITeVQ have been
deposited in the Supporting Information.

Pyroelectric MeasurementsPolarization measurements,
at room temperature, utilizing an electric field of 20 kV/cm,
indicated a maximum polarization of 0.16 and 0i&3/cn?
for TISeVG; and TITeVQ, respectively. The maximum
polarization for both materials decreases with increasing
temperature. To determine the total pyroelectric coefficient,
p, the change in polarization as a function of temperature
was measured. The total pyroelectric coefficiepts; (dPs/
dT), wherePs is the spontaneous polarization afds the
temperature, for TISeVLand TITeVQ are—2.9 and—1.9
uClm?-K. The magnitudes of the pyroelectric coefficients
for both materials are consistent with other known non-

measurements using 1064 nm radiation revealed that TISeferroelectric pyroelectrics such as Zn©9.4uC/m?-K) and

VOs and TITeVQ have SHG efficiencies of approximately
40 x a-Si0,. By sieving TISeVQ@ and TITeVQ into various
particle sizes, ranging from 20 to 120n, and measuring
the SHG as a function of particle size, we were able to
determine the type 1 phase-matching capabilities of the
materials (see Supporting Information). We determined both
of the materials, TISeVQand TITeVQ, are non-phase-
matchable, indicating the materials fall into the class C
category of SHG materials as defined by Kurtz and P€fry.
As previously shown, once the SHG efficiency has been
measured and the phase-matching behavior determined, th
average NLO susceptibilitydeild«, can be estimatetd.For
non-phase-matchable materials

[, = {0.3048[**(TISeVO; or TITeVO,)/17*(Si0)]}

wherel?*(Si0O;) = 1.0 (the SHG efficiency ofi-SiO, = 1.0).
Thus, [derldyp for TISeVG; and TITeVQ is approximately
3.5 pm V1, respectively.

Piezoelectric Measurements.Attributable to the low
decomposition temperatures of the materials, it was not
possible to press or sinter TISeYQr TITeVOs into

tourmaline (4.0 uC/m?-K).46

Discussion

Both TISeVQ and TITeVQ crystallize in the noncen-
trosymmetric polar space grolma2;, with very similar unit
cells. For TISeVQ (TITeVOs), a= 7.1639(15) A (7.319(3)

A), b = 8.6630(19) A (8.749(4) A)c = 7.8946(17) A
(7.868(3) A), andv = 489.95(18) & (503.8(4) &). The
materials, however, are not iso-structural. If we examine
Eigures 1 and 2, we notice that the*Seation is three-
coordinate, whereas the “ecation is four-coordinate,
respectively. The decreased coordination, three versus four,
as well as size, 0.50 versus 0.66 A, forSas compared to
Te*", results in a slightly smaller unit cell volume for
TISeVG; as compared to TITeVOAs stated earlier, all of
the cations are in asymmetric coordination environments
attributable to SOJT effects. With 8e Te*t, and TI, a
lone-pair is observed that produces “gaps” in the structure
running down thea-axis (see Figures 1 and 2). For thétV
cation, the SOJT effects result in an intra-octahedral dis-
placement toward an edge (local direction), creating two

(45) Ganne, M.; Piffard, Y.; Tournoux, MCan. J. Chem1974 52, 3539.

(46) Lang, S. BPhys. Today2005 58, 31.
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Figure 3. Ball-and-stick diagram showing the local moments in TISgVO
(top) and TITeV@ (bottom). The magnitude of the local moments and lone-
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values of 8.93D (9.60D) for ¥, 8.00D for Sé" (10.21D
for Te*), and 1.30D (1.63D) for Tl. The magnitudes are
consistent with previously reported vall@dn addition to
dipole moment calculations, we used a continuous symmetry
measures methodology to calculate the magnitude of #ie V
distortion#”48Utilizing the SHAPE prograr? we calculated
an intra-octahedral distortion of 0.138 and 0.140fdx the
V5t cation in TISeVQ@ and TITeVQ, respectively. These
values are slightly less than the average value of 0.145 A
reported earlief®

All of the cation distortions, both magnitude and direction,
influence the observed physical properties. With the direction
of the cationic distortions in TISeV§ ) we notice that the
V5 cations are directed toward the [80]. Each S&' cation
has its dipole moment pointed toward the [011] ane 1Q],
resulting in a net moment pointing along the [001]. Finally,
each T cation has its dipole moment directed toward the
[0—1—1] and [01-1], resulting in a net moment pointing
along the [06-1]. Thus, if we add all of the dipole moment
directions, \?* [00—1], S&* [001], and Tt [00—1], we have
a net moment for TISeVQin the [00-1]. Similar cationic
distortions, with respect to direction, are observed in
TITeVOs, with the dipole moments from the® and TI"
cations pointing toward the [661], and the Té&" pointing
toward the [001], resulting in a net moment toward the-{00
1]. One difference in the direction of the local dipole moment
is observed with the & and Té" cations. Although both
cations have their moments pointed in the very approximate

pairs are shown schematically. As seen there is slightly more cancellation [04+-1—1], the majority of the T& moment is directed along

of the moments for TISeV§as compared to TITeVO

“short”, two “normal”, and two “long” V-0 bonds. We have
previously shown that this &ype of distortion is relatively
common for \** cations?®

We have also determined the magnitude of the cationic
distortions by calculating the local dipole moments, as well
as by using continuous symmetry measufésln calculating
the dipole moments for the®, Sét, Te*", and Tl cations,
we used a methodology described eatfigtthat has been
expanded to include lone-pair catiordwith the lone-pair
polyhedra, the lone-pair is given a charge -e2 and is
localized 1.22, 1.25, and 0.69 A from the*SeTe*, and
TI* cations, respectively. The catiefone-pair distance is
based upon earlier work by Galy and MeurfieThe dipole
moment calculations for TISeV(TITeVOs) resulted in

(47) Zabrodsky, H.; Peleg, S.; Avnir, . Am. Chem. Sod992 114
7843.

(48) Alvarez, S.; Alemany, P.; Casanova, D.; Cirera, J.; Llunell, M.; Avnir,
D. Coord. Chem. Re 2005 249, 1693.

(49) Maggard, P. A.; Nault, T. S.; Stern, C. L.; Poeppelmeier, KJR.
Solid State Chen2003 175, 25.

(50) Izumi, H. K.; Kirsch, J. E.; Stern, C. L.; Poeppelmeier, K.IRorg.
Chem.2005 44, 884.

(51) Ok, K. M.; Halasyamani, P. $norg. Chem.2005 44, 3919.

(52) Galy, J.; Meunier, GJ. Solid State Cheni975 13, 142.

(53) Llunell, M.; Casanova, D.; Cirera, J.; Bdfill, J. M.; Alemany, P.;
Alvarez, S.; Pinsky, M.; Avnir, DSHAPE 1.1b ed.; University of
Barcelona: Barcelona, Spain, 2004.

the [0410] (see Figure 3). Thus, any contribution of the total
moment, in TITeVQ, from T is negligible. With respect

to the measured acentric physical properties, the magnitudes
are similar for both reported materials. This is perhaps
somewhat surprising given that there is less cancellation of
the local dipole moments in TITeVDas compared to
TISeVGs. It is likely, however, that the amount of cancel-
lation is not as different as estimated, which results in similar
magnitudes for the acentric physical properties.
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