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Noncentrosymmetric (NCS) oxides, and especially the polar
oxides among them, are of much interest in material science and
engineering because their symmetry-dependent properties such as
ferroelectricity, piezoelectricity, pyroelectricity, and second-order
nonlinear optical behavior are technologically important.! In
searching for polar oxides, much attention has been paid to oxides
containing second-order Jahn—Teller distorted cations'™ such as
d° transition metal ions (Ti*", Nb>*, Ta®", Mo®*, W™, etc.) and
cations with a lone pair electrons of ns* (Pb*", Bi**, etc.). In
particular, since ferroelectric perovskites containing Pb** and Bi*"
exhibit high polarization and piezoelectric performance, the new
Pb- and Bi-based perovskites*'? have lately attracted considerable
attention as candidate ferroelectric and multiferroic oxides. In
contrast, little attention has been paid to oxides containing only
main-group cations with the electronic configuration of (n—1)d"“ns®,
except for the polar wurzite-type ZnQ.'*'* In this study, we have
found that ZnSnO3 with a LiNbO3(LN)-type structure synthesized
under high pressure is a polar crystal. This compound contains only
the cations with the electronic configuration of (n—1)d'’ns°, Zn**,
and Sn*". While the high-pressure synthesis of LN-type oxides
CuTa0s,"> MnMO; (M = Ti,'® Sn'”®), and FeTiOs'” have been
reported, there has been no report on the LN-type ZnSnOs.

Polycrystalline ZnSnO; was synthesized by a solid-state reaction
under high pressure at elevated temperature. The mixture of
stoichometric amounts of ZnO and SnO, was allowed to react in a
cubic multianvil-type high pressure apparatus at 7 GPa and 1000
°C for 30 min and then was quenched to room temperature. The
experimental details about high-pressure synthesis are found as
Supporting Information.

The phase was identified by the X-ray powder diffraction (XRD)
method using a Rigaku RINT2100 diffractometer (graphite-mono-
chromatized Cu Ka). The crystal structure of ZnSnO; was refined
using the Rietveld analysis program, RIETAN 2000.'® The XRD
data for refinement were collected in the range 260 = 20—120° at
0.02° intervals at room temperature. Peak profiles were fitted with
the pseudo-Voigt function. The color of the as-synthesized sample
is gray. The XRD pattern of the as-synthesized sample showed the
rhombohedral phase and small residual amounts of SnO,, unknown
phase, and a spinel-type Zn,SnO,4. When the as-synthesized sample
was annealed at 600 °C for 6 h and 700 °C for 6 h in air, the color
turned to white. The XRD pattern of the rhombohedral ZnSnO;
was unchanged after annealing. In contrast, the unknown phase and
Zn,SnO4 were not detected after annealing (see Supporting
Information, Figure S1). The gray color of the as-synthesized sample
therefore originates from the unknown phase or a small number of
oxygen vacancies. The unknown phase is probably a high-pressure
phase and is decomposed into some other phases after annealing,
though they were not found in the XRD pattern due to their small
quantities. The XRD profile of the rhombohedral phase could be
indexed with unit cell parameters, a = 0.52622(1) nm, ¢ =
1.40026(2) nm. Reflection conditions derived from the indexing
were —h + k + | = 3n for hkil, | = 2n for hhOl, and [ = 6n for
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Figure 1. Observed (+) and calculated (solid line) X-ray powder diffraction
patterns, difference (solid line on the bottom), and peak positions (I) of
7ZnSnO;3 and SnO».

Table 1. Structural Parameters in ZnSnO3?

atom site X y z BIA2

Zn 6a 0 0 0.2859(1) 1.29(4)
Sn 6a 0 0 0 0.52(2)
(6] 18b 0.0405(8) 0.350(1) 0.0709(6) 0.43(8)

“ Hexagonal, space group R3¢ (No. 161), Z = 6, a = 0.52622(1) nm,
¢ = 1.40026(2) nm; Ry, = 10.15%, R, = 8.06%, R. = 4.45%, S =
2.28, Ry = 2.84%, Ry = 2.32%.

000/ (n: integer). Considering the reflection conditions, the possible
space groups are the NCS R3¢ (No. 161) and the centrosymmetric
R3¢ (No. 167). In the Rietveld refinements applying the space
groups R3c and R3c, we obtained a much lower R factor (Ry, =
10.15%, R; = 2.83%) when applying R3c than that (R, = 24.84%,
Ri = 15.33%) with R3c. Furthermore, when the second harmonic
generation (SHG) response of the annealed sample was tested in a
reflection-geometry using YAG:Nd laser (1 = 1064 nm), the SHG
signal could be detected, indicating that ZnSnOj; is a NCS oxide.
These results support that ZnSnOs; crystallizes with NCS space
group R3c. Since the corresponding point group 3m (Cs,) belongs
to a polar crystal class, detection of the SHG signal is consistent
with the structural symmetry. Figure 1 shows the observed and
calculated XRD patterns and their differences. The scale factors
for ZnSnOs and SnO, are 2.277(7) x 10 ° and 1.28(4) x 1073,
respectively. Using the equation given by Bish and Howard,'® the
amount of SnO, is estimated to be 2.5 wt % (3.8 mol %). The
refined structural parameters for ZnSnOs; are listed in Table 1.
The crystal structure is the same as that of a polar oxide
LiNbO;.2°? Figure 2 shows the crystal structure of ZnSnOsfrom
the perspective of an octahedra framework. Sn and Zn octahedra share
both faces and edges with one another, each Sn octahedron shares
corners with other Sn octahedra, and each Zn octahedron shares corners
with other Zn octahedra. The cation sequence along the c-axis is
Sn—Zn—Vac—Sn—Zn—Vac—Sn... (Vac = vacancy). The selected
interatomic distances and the bond angles of ZnSnOj are listed in Table
S1 of Supporting Information. The bond valence sums (BVS)* of
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Figure 2. Crystal structure of ZnSnOs.

Zn, Sn, and O are calculated to be 1.79, 4.08, and 1.96, respectively.
The Zn—O bond is greatly under-bonded. The Sn—O distances in
ZnSnOs are 0.2005 nm (x3) and 0.2094 nm (x3) and are slightly
deviated from those of perovskite-type stannates with SnOg octahedra,
CaSn0;,%* SrSn0;,>* and BaSn05>° (0.2054—0.2066 nm). The distor-
tion of Sn octahedron estimated by the equation,”** A =1/62{(d —
du)ldy ), Asn = 5 x 107%, is somewhat smaller than Af; = 18 x
10~ for LiOg and Axp, = 40 x 10~ for NbOg in LiNbO;. Here,
d and d,, denote the individual interatomic distance and the average
distance, respectively. In contrast, the two kinds of Zn—O distances
are very different, 0.2041 nm (x3) and 0.2310 nm (x3) because
the Zn ion is located in a greatly distorted position along the c-axis
toward the vacant site, resulting in a large value of Az, = 38 x
10~*. Therefore each Zn bonds to three oxygen atoms more
covalently than the other three.

Since materials with the point group 3m (Cs,) also exhibit
piezoelectricity and pyroelectricity, ZnSnOj is a candidate piezo-
electric and pyroelectric material as well as a nonlinear optical
material. Considering the symmetry, the polar axis is along the
c-axis. The polarization, P, was estimated using the structural data
according to the equation

P=3q,0z,/V

Here, ¢; is the formal charge of each ion, 0z is its displacement
along the c-axis, and V is the unit cell volume. The summation is
performed over all ions in the unit cell. The calculated value is P
= 59 uC/cm?, which is compared to the calculated value of 67
uC/cm? for LiNbO3?? and is much greater than that of 5 uC/cm?
for ZnO."? The large spontaneous polarization primarily originates
from displacement of the Zn ion based on the peculiar chemical
bonding between Zn and O as mentioned above.

The solid-state reaction between ZnO and SnO; in the pressure
range from ambient pressure to 5 GPa gives neither LiNbO3;(LN)-
type ZnSnOj nor ilmenite (IL)-type ZnSnOs3, resulting in a mixture
of spinel-type Zn,SnO4 and rutile-type SnO, (see Supporting
Information, Figure S2). Kovacheva and Petrov®® have reported
that the IL-type ZnSnO; (R3, a = 0.528 nm, ¢ = 1.409 nm, Z =
6) can be obtained by an ion-exchange reaction between a-Li,SnO3
and a melt of ZnCl,—KCI. Furthermore, we confirmed that the LN-
type ZnSnOs is stable up to 700 °C and is partially decomposed
into the spinel-type Zn,SnO, and the rutile-type SnO, at 800 °C at
ambient atmosphere (see Supporting Information, Figure S3). The
smaller molar volume of LN-type ZnSnOj3 (55.97 A%) than that of
(1/2 Zn,Sn04>” + 1/2 Sn0,2®) (58.3 A%) is consistent with the fact
that the LN-type ZnSnOs is the high-pressure form. In contrast,
the ilmenite structure is not the thermodynamically favored form
at any pressure though the molar volumes of IL-type ZnSnO;>°

(56.78 A%) is smaller than that of (1/2 Zn,SnO, + 1/2 SnO,) and
greater than that of LN-type ZnSnOs.

In this study a novel polar LiNbOs-type oxide ZnSnOs; was
obtained by high-pressure synthesis. The polar structure is primarily
characterized by a large displacement of Zn based on strong
covalent bonding between Zn and three O. The finding of a polar
ZnSnOs3 containing only cations with an electronic configuration
of (n—1)d'°ns® gave us a new strategy in searching for polar
crystals.
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high-pressure synthesis of ZnSnOs;. The XRD patterns for as-synthesized
and annealed samples of ZnSnOs. The selected interatomic distances
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via the Internet at http://pubs.acs.org.

References

(1) Halasyamani, P. S.; Poppelmeier, K. R. Chem. Mater. 1998, 10, 2753—
2769.

(2) Kunz, M.; Brown, L. D. J. Solid State Chem. 1995, 115, 395-406.

(3) Halasyamani, P. S. Chem. Mater. 2004, 16, 3586-3592.

(4) (a) Eitel, R. E.; Randall, C. A.; Shrout, T. R.; Rechrig, P. W.; Hackenberger,
W.; Park, S. E. Jpn. J. Appl. Phys., Part 1 2001, 40, 5999-6002. (b) Eitel,
R. E.; Randall, C. A.; Shrout, T. R.; Park, S. E. Jpn. J. Appl. Phys., Part
12002, 41, 2099-2104.

(5) Azuma, M.; Takata, K.; Saito, T.; Ishiwata, S.; Shimakawa, Y.; Takano,
M. J. Am. Chem. Soc. 2005, 127, 8889-8892.

(6) Hughes, H.; Allix, M. M. B.; Bridges, C. A.; Claridge, J. B.; Kuang, X.;
Niu, H.; Taylor, S.; Song, W.; Rosseinsky, M. J. J. Am. Chem. Soc. 2005,
127, 13790-13791.

(7) Baettig, P.; Schelle, C. F.; LeSar, R.; Waghmare, U. V.; Spaldin, N. A.
Chem. Mater. 2005, 17, 1376-1380.

(8) Belik, A. A.; likubo, S.; Kodama, K.; Igawa, N.; Shamoto, S.; Maie, M.;
Nagai, T.; Matsui, Y.; Stefanovich, S. Y.; Lazoryak, B. I.; Takayama-
Muromachi, E. J. Am. Chem. Soc. 2006, 128, 706-707.

(9) Belik, A. A.; Stefanovich, S. Y.; Lazoryak, B. I.; Takayama-Muromachi,
E. Chem. Mater. 2006, 18, 1964—-1968.

(10) Suchomel, M. R.; Fogg, A. M.; Allix, M.; Niu, H.; Claridge, J. B.;
Rosseinsky, M. J. Chem. Mater. 2006, 18, 4987-4989.

(11) Zylberberg, J.; Belik, A. A.; Takayama-Muromachi, E.; Ye, Z. G. Chem.
Mater. 2007, 19, 6385-6390.

(12) (a) Inaguma, Y.; Katsumata, T. Feroelectrics 2003, 286, 111-117. (b)
Inaguma, Y.; Mayaguchi, A.; Katsumata, T. Mater. Res. Symp. Proc. 2003,
755, 471-476.

(13) (a) Abrahams, S. C.; Bernstein, J. L. Acta Crystallogr., Sect. B 1969, 25,
1233-1236. (b) Sabine, T. M.; Hogg, S. Acta Crystallogr., Sect. B 1969,
25, 2254-2256.

(14) Onodera, A.; Tamaki, N.; Kawamura, Y.; Sawada, T.; Yamashita, H. Jpn.
J. Appl. Phys., Part 1 1996, 35, 5160-5162.

(15) Sleight, A. W.; Prewitt, C. T. Mater. Res. Bull. 1970, 5, 207-212.

(16) Ko, J.; Prewitt, C. T. Phys. Chem. Miner. 1988, 15, 355-362.

(17) (a) Leinenweber, K.; Utsumi, W.; Tsuchida, Y.; Yagi, T.; Kurita, K. Phys. Chem.
Miner. 1991, 18, 244-250. (b) Leinenweber, K.; Linton, J.; Navrotsky, A.;
Fei, Y.; Parise, J. B. Phys. Chem. Miner. 1995, 22, 251-258.

(18) Izumi, F.; Ikeda, T. Mater. Sci. Forum 2000, 321—324, 198-203.

(19) Bish, D. L.; Howard, S. A. J. Appl. Crystallogr. 1988, 21, 86-91.

(20) Abrahams, S. C.; Reddy, J. M.; Bernstein, J. L. J. Phys. Chem. Solids 1966,
27,997-1012.

(21) Megaw, H. D. Acta Crystallogr., Sect. A 1968, 24, 583-588.

(22) Hsu, R.; Maslen, E. N.; Boulay, D. D.; Ishizawa, N. Acta Crystallogr.,
Sect. B 1997, 53, 420-428.

(23) (a) Brown, I. D.; Shannon, R. D. Acta Crystallogr., Sect. A 1973, 29, 266—
282. (b) Altermatt, D.; Brown, 1. D. Acta Crystallogr., Sect. B 1985, 41,
240-244. (c) Brown, I. D.; Altermatt, D. Acta Crysallogr., Sect. B 1985,
41, 244-247. (d) Brese, N. E.; O’Keeffe, M. Acta Crystallogr., Sect. B
1991, 47, 192-197.

(24) Vegas, A.; Vallet-Regi, M.; Gonzélez-Calbet, J. M.; Alario-Franco, M. A.
Acta Crystallogr., Sect. B 1986, 42, 167-172.

(25) Smith, A. J.; Welch, A. J. E. Acta Crystallogr. 1960, 13, 653-656.

(26) Kovacheva, D.; Petrov, K. Solid State Ionics 1998, 109, 327-332.

(27) Choisnet, J.; Deschanvres, A.; Raveau, B. Comptes rendus des séances de
I’Académie des sciences, Serie C 1968, 266, 543-545.

(28) Baur, W. H.; Khan, A. A. Acta Crystallogr., Sect. B1971, 27, 2133-2139.

JA801843V

J. AM. CHEM. SOC. = VOL. 130, NO. 21, 2008 6705



