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Noncentrosymmetric Oxides
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Noncentrosymmetric materials are of special interest in materials chemistry owing to their
technologically important properties, such as ferroelectricity and second-order nonlinear
optical behavior. Over 500 noncentrosymmetric oxides have been compiled and categorized
by symmetry-dependent property and crystal class. In addition, the materials are described
by their transition, or main group, metal coordination environment and grouped by element.
Similarities within and between groups are discussed, as are noncentrosymmetric structure—

property relationships.
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Introduction

Noncentrosymmetric (NCS) compounds are of par-
ticular interest because their symmetry-dependent prop-
erties such as piezoelectricity, ferroelectricity, and
second-order nonlinear optical (NLO) behavior are the
basis of numerous applications. The crystallographic
inter-relationships between physical properties and
NCS crystal classes! are shown in Figure 1, which is a
graphical representation of a table (based on tensor
rank) described by Glazer.? Describing a compound as
simply NCS is incomplete and imprecise. NCS materi-
als can possess some or all of the following properties:
enantiomorphism, optical activity (i.e., circular dichro-
ism), piezoelectricity, and pyroelectricity. It should be
noted that second-order NLO behavior, i.e., second-
harmonic generation (SHG), has the same symmetry
requirements as piezoelectricity. Several interesting
inter-relationships occur between the symmetry-de-
pendent properties. For example, all pyroelectric ma-
terials have SHG behavior but the converse is not true.
Of the 21 acentric crystal classes, only compounds found
in class 432 (O) do not possess SHG behavior. Enan-
tiomorphism occurs in compounds crystallizing in 11
classes, 1 (Cy), 2 (C2), 3 (C3), 4 (Ca), 6 (Cs), 422 (D4), 222
(D), 622 (Dg), 32 (D3), 23 (T), and 432 (0), and all of
these materials are optically active (i.e., circular dichro-
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Non-Centrosymmetric Crystal Classes

Optical Activity (Circular Dichroism)

. . . Polar (Pyroelectric)
Enantiomorphic 7Sy
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Piezoelectric (Second-Harmonic Generation)

Figure 1. Interrelationships of noncentrosymmetric crystal
classes in both Hermann-Mauguin and Schoenflies symbols.

ism). Only compounds in crystal classes 1 (Cy), 2 (Cy),
3 (C3), 4 (Cy), and 6 (Cg) have all of the symmetry-
dependent properties.

A material's centricity is usually determined by
single-crystal X-ray diffraction. However, the determi-
nation of centricity from single-crystal diffraction data
is not always straightforward. From Friedel’s law it is
known that, in the diffraction process, if the incident
wavelength is small compared with the absorption edge
of any atom in the crystal, a center of symmetry is
introduced between oppositely related reflections, 1(hkl)
= I(—h, =k, =), even in a NCS crystal. Only when the
incident wavelength becomes similar to the absorption
edge does Friedel’s law fail. This anomalous scattering,
when the imaginary part of the scattering factor be-
comes large, has been used to address a host of crystal-
lographic problems.® For most crystallographic analy-
ses, based on Cu Ka or Mo Ka radiation, anomalous
scattering does not play a significant role, and many
single-crystal diffraction laboratories do not collect
Friedel pairs for comparison.
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Table 1. Symmetry-Dependent Properties

category (crystal classes)

A(1,2,34,6) (IR T Y
B (m, mm2) I, 1, v
C (3m, 4 mm, 6 mm) 11V

D (422, 222, 622, 32, 23) [T

E (—42m, —4) v

F (—6, —43m, —62m) 1\

G (432) 1

a Property: |, enantiomorphism; 11, optical activity; 11, pyro-
electricity; 1V, piezoelectricity.

property(ies)?

The intensity distribution of diffraction data also
differs between a centric and acentric crystal. Statisti-
cal tests by Wilson* and Howells et al.®> are useful
indicators of centricity but can be incorrect if the
structure contains a number of heavy atoms on special
positions.® Marsh and co-workers have emphasized that
weak reflections must be carefully scrutinized if the
centricity is in question.”® If these weak data are
deleted, the statistical distribution tests can be strongly
biased toward a NCS indication. Marsh also argues
that when the diffraction data do not provide a clear
choice between centric and acentric space groups, the
centric space group choice is preferred even though
disorder can occur.” Disregarding a center of symmetry
results in errors in the atomic coordinates that are large
compared to normal estimated standard deviations.8 In
addition, according to Dunitz it is not possible to
distinguish between a centric and corresponding acen-
tric structure through a least-squares analysis by simply
expanding the parameter set over the uncertain inver-
sion center.® In doing so singularities will occur during
the refinement.

The purpose of this article is to review the NCS oxides
and categorize them by symmetry-dependent property,
crystal class, and cationic coordination environment. In
an effort to elucidate common features of NCS oxides,
the inter-relationships between NCS crystal classes are
discussed, with respect to NCS materials properties, as
well as trends within and between the above categories.

Organization

The examples used are from the 1996 version of the
inorganic crystal structure database.’® The selection
criteria for acentric oxides were (1) ternary or higher
oxides, (2) single-crystal studies—X-ray or neutron, and
(3) R(F) = 0.15 where R(F) = Y||Fo| — |Fc|l/3|Fol.

Based on the above criteria, 578 oxides were selected.
The NCS compounds can be grouped into seven distinct
categories based on the symmetry-dependent properties
as illustrated in Figure 1 and listed in Table 1. Cat-
egories A, B, and C constitute the 10 NCS polar crystal
classes (1 (C1), 2(Cy), 3 (C3), 4 (Cy), 6 (Ce), m (Cs), mm2
(Cz), 3m (Csy), 4mm (Cay), and 6mm (Ce)), Whereas
categories D, E, F, and G contain the 11 NCS nonpolar
crystal classes (422 (D), 222 (D3), 622 (Dg), 32 (D3), 23
(T), —42m (D2d), —4 (S4), =6 (Can), —43m (Tq), —62m
(Dsn), and 432 (0)).

Table 2 lists all 576 NCS oxides and is divided into
two large sections, compounds in polar (i.e., pyroelec-
trics, materials with permanent dipole moments) and
nonpolar crystal classes. Within each of the two sec-
tions, the materials are grouped by element. Addition-
ally, within Table 2, the compounds are divided further
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with respect to cationic coordination environments.
Underlined compounds contain second-order Jahn—
Teller distorted cations, whereas italicized compounds
contain tetrahedrally coordinated cations. Compounds
that are both underlined and italicized have second-
order Jahn—Teller distorted cations linked to tetrahe-
drally coordinated cations. Finally, compounds that are
not underlined or italicized have neither type of cation.
Each section and division will be discussed in detail.

Polar and Nonpolar Compounds

One primary division that separates NCS compounds
is the polar and nonpolar crystal classes. The majority,
67% or 388, of the NCS oxides fall into categories A, B,
or C that constitute the 10 NCS polar (i.e., pyroelectric,
materials with permanent dipole moments) crystal
classes. The remaining 190 oxides are in categories D,
E, F, or G, which are the 11 NCS nonpolar crystal
classes. The inter-relationship of the symmetry-de-
pendent properties are graphically shown in Figure 1
and listed in Table 1.

Noncentrosymmetric Polar Crystal Classes

From Table 1, it is apparent that pyroelectricity is
not the only symmetry-dependent property the NCS
polar oxides possess. However, instead of taking each
symmetry property in turn and listing the relevant
materials, it is more efficient to discuss the materials
with respect to the categories outlined in Table 1. With
the NCS polar crystal classes, three distinct and non-
overlapping categories can be described: category A
comprising crystal classes 1, 2, 3, 4, and 6; category B,
crystal classes m and mm2; category C, crystal classes
3m, 4 mm, and 6 mm.

The materials that are in category A possess all four
of the NCS symmetry-dependent properties, specifically
enantiomorphism (chirality), optical activity (circular
dichroism), pyroelectricity (polarity), and piezoelectricity
(same symmetry conditions as SHG). As such, these
materials are chiral, polar, optically active, and exhibit
SHG behavior. The structure—property relationships
between polarity and SHG as well as the relationships
between chirality and optical activity will be discussed
later. What has not been discussed are the structure—
property relationships (if any) between chirality and
polarity. Both properties are important with respect to
material applications, whether as ferroelectric materials
or as hosts for the intercalation of chiral guests. With
respect to chiral materials, often both enantiomers are
produced in a crystal growth, i.e., spontaneous resolu-
tion. The enantiomer determined is wholly dependent
on the particular crystal chosen from the mixture; i.e.,
there is a 50% probability that one enantiomer will be
chosen instead of the other. However, with materials
that are also polar, a different situation occurs. If we
take the same crystal mixture alluded to, with both
enantiomeric isomers (a and f), and now assume the
material is polar—what is the result? Only two types
of crystals ap and fp, where p represent the imposed
polarity, are produced. Thus, there is only “type” of
polarity; i.e., there is only one “isomer” of LiNbO3;, and
the polarity is determined by the orientation of the
crystal on the diffractometer. Regardless of the crystal
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category (polar crystal classes)

A(1,2,34,6) B (m, mm2) C (3m, 4 mm, 6 mm)

Scandium

BaCasz580501833 SC2CU20539 36\380330940

Bacasz5505olg4l LiSCMO30342
Titanium

LagTi20743'44 KTiP0513 BaTi03521

Nd,Ti,074° CdTiO3* MnTiO34”

BaTi801648 Ba4lr1,45Ti1,5501049 PbTi03522

Bay.12TigO16>°
Bay.15TigO016™°

NaxZ r3W301263
Na,Z rW301255

KzS igz rOg 69
caZrSi 2077:l
CaBA|ng01372
BaZCas Dyngr03673

V1.44M00.5605"*

Mno.47V0.94M01.0606"®

ZnVZOe78
VoWO,8L

V>MoOg84
C0V20587
Ko0.13V0.13M0g.8703%°
Bi,Pb,V,01¢

Pb3V20897
ZI”I4V20999
Sr2V2071°2
Sr158Ca0.42V2071%
Bi Ca4V30131°7

AspV 404310

CuVvOs!t3

GaNbO,419
LaNb7019122
LaNbO4125
SmNbO,4'?5
HONbO4125
YbNbO,125
UNDbgO16"3*
SmNbO,41?5
HoNbO,4125

BaGSi4Nb14O47144

CuosNb1 5037147

Feo.13Ti18101.92°
Nd4Ca2Ti602053
BisTi301,°
Ko.8Mdo.4Ti1.604°7
Ko.8ZN0.4Ti1.604°7
BisFeTiz015
K6—|—i207ED
Ko.375CS0.625 T1ASO5
Ko.39CS0.61 TIASO5®
KTiAsOs®
CsTiAsOs%
BazGeTiO462

Zirconium
LigZI’OgG4
PbZI'Os57

Ti1.1Zr0.803Hf0.007047°

Vanadium

N ¢’:\V20579
Ag1.43V4010%?
Cu1.82V4011%°
ZnV3OgEE

BisV201,%*
T92V20994

Thv,0,%
KCd4V301,100
NazLaV,0g103
Cl.12V207106
NaVvO;108
LizVO,4109
LiV,0s511t

SrSi 2VO7112

Nag 33Cd1 33V0414
NazNdV,0g15
N aV205116
CUo.82V4011%7
Cuo.g5V20518
MgV 3109

Niobium
SrsNb5016120
Serb207123
SraNbg.24Ta 7607128
Zrﬁszon
SbNbO,130
CsoN b4011132
KCuNb3Og135
K4Nb5017137
Casz207139
MnFe 01SNn.47Nb 33Taz 1,050
SraNbg.24Tag 7607142
Rbo.208Nbo.436Wo.56403'4°
CsNaEu Nb5015145
Sr, TmMNbO%®

NazBa4Nb10030143

RbB3NbOg!%°
TIB2NDbOg5!

NisNb,Og153
K3.8GesNbsO20.41%*

BaGTiszgo;goSZ
Ba,TiSi,0g>®

HgTiOs%

KsMgo.5Zr1.5M060245°
Na48i32r201263

K3V5014"°

Cs2V5013""

K2V30g%

Ca3V20383

SrNi 2V20386

RbV30,%°
KB(':113C£\4CU3V702592

Rbg sCas 7sBasCuzV7025%°
S I’COszOg96

BaV02_51°1
Big.1V0.90141%*

Bap.27Sr0.75Nb20s 7612
Li.07K5.7ND19 2030124
BaeCONbgOmI2
BagFeN 11)903012g
Ko.sBas 2Nb7 U 40301%!
Mn>ZnoN b209133
KNbO3

NaNbO3138

LiNbO327

BaNb30g!4t
Bap.27Sr0.75Nb20s 75121
Li4.07K5.7ND19203012*
BaGCONbgO:«;oI2
BagFeNbgO3012°
PbNb,0g*
BisTiNbOg!49
Mn,Zn,>Nby,Og33
BaNbsoeI 1

K3Bsz3012152

Mn3zZnNb,0g15%5
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Table 2. (Continued)

category (polar crystal classes) (continued)

A(1,2,3,4,6) B (m, mm2) C (3m, 4mm, 6mm)
Niobium (continued)
RbSiNbO5!56 K2Si4sNby014157
Pb, sNb,0O7 g1%8
Pb17Nb17050.5'5°
Pb;31Nb;07.3:1%°
Pby 44Nby07.441%°
Tantalum
A|0_33T315Wo,66040160 KCUTa309161 CU1,332n2,557A|T608162
BauFeTai0030!% LiTaOz5%®
BasMgTa;00301%*
BasN iTz’;\;]_()OgoI64
TaW40e71%5
Mo04.55Ta0.35014%66
CagLazTa0515
SrzTa207155
SrBizTa209169
Bag.1Sro.oBi>Ta,0gl70
KGeTaOs
Molybdenum
U|\/|0203172 LaMo7,7014173 Nazln2M05016174
Sb2M010031175
KMg|nM03012176 TeM050151 7 F92M0303178
Ag]_5|I'1;|__r,|\/|03031_217g BizMOOelBO LizZI"'\/|OgO;|_2181
CS5BiMO4016182
Zn,;Mo30g!83
Nap.sM0s0,7184
CUeLa4M09035185 Lil\/|Ogo;|_o186
FeoMo0301,187 ZNMogO1(188
K5|I’IMO4016189 LiSGMOgOslgO
szl\/|030;|_2191 LiYMOgOslgo
RbLiM00,192
Gd2M03012193
CU3M0209194
LiAsMoOg!%
NC“\/|08014196
Tungsten
BasW0Og?” NaW,071% Rbo.2sGap 2Wo.s03%%?
Ko.26WO3%3
CUYW203200 Ag3W4015201
CUQWO4203 C55W11036204
CUBiW203205 BizWOGZDE
EIJ3BW09207
Cu DyW203207 SQC&WOGZOS
CuErW,0g2%7
LiFeWZngog
Nb16W5055210
Nb;,WO33210
Rhenium
L63R603211 PbR6203212
Iron
Ca4Fe9017213 GaFe03214 BangFe4015215
CaFe508,33215 Ca2F81,4A|0A505217 BassrLazFe4015215
CazFel_23A|0_7205217 Basersze4015215
CazFeA|05218 Ba4,50a1,5Nd2Fe4015219
Sr,Fe;052%0 Fez5V75016%%%
Lise6FesSbaSny 32016222
SI‘4F€6013223 LizFGng03224
YFeO322% Bau.g75Cay 0251 a2Fes01522°
Ba4,5Ca1,5La2Fe4015227
Ba5CaEu2Fe4015227
BaCaSm,Fe;015%1°
BiFe03%28
YBaCuFe0s??°
Cobalt
Na4C00323° Coo,M n303231 BaeL32C04015232
BaSCaNdZCo4015227
Sr8C04Bi8025233
Na0_60002234
Boron
Sm14Ge,Be03423° SrB,0,236 BaHoB30¢237
Nd1466285034235 Eu B4O7238 LizB4O7239
BiB306240 AllgAzcrolgB4O35241 Ba3H08309242




Reviews

Table 2. (Continued)
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category (polar crystal classes) (continued)

A(1,2,34,6) B (m, mm2) C (3m, 4mm, 6mm)
Boron (continued)
CeBSi05243 A|5809244 BangBg,ng“Z
LaBGeOs*4° CaAlBO4246 BasYbB30g%4?
NaBSiO4247 AlzoB4036248 Ba3|_U8309242
BaBZO4539
LaBSi05249 anBZOGZSO
CuTm85010251
Ca82U2010252 NaZanMnB4,86011253
LiB3052>*
(:589014255 CULUBsOmZS1
K,LiBO32%6
CaSmyBs0202%7
Ca4GdB3010258
Ca4Tb83010258
Ca4Lu83010258
Er;S3B401,2%°
Li,BgO10%%°
Nd»Sr3B401,261
LaZSr3B4012262
Ca48m83010263
Aluminum
BasFe,GayAl,01,%64 Na;7Al5016%55 Cag.95Mgo.9Al10.10172%
BaAl,0,4%7 CagAl1W,03,268 Cdo.971Mgo.942A110.060172%6
BaFe; sAlp 504259 CasAlg014270 ZNo.865Mo.730Al10.27017%%¢
Sr7AI12025271 CuInAIO4272
SFA|204273
BaszAI05274
BEM93A|3016275
BagLasAly sFe; 5015276
AlPb,04277
Li2CF2A|5b08224
LizCI’gFeSb03224
LizCFA|25b08224
Gallium
BaGa,042'8 LaSrGaCuOs?7®
GaszO4277 Ndo,g3sro,33GaCU05280
CasGa6014231
YGa03?82 NaGa0,?83
Ca3Ga409284
INo.667Gao 667F€0.667032°
NdGa03286
Indium
Cul n205287~288 Baal n6013239 YI n0329°
Sr2In205291
Silicon
KngSieOzezgz BaTiSi309293 BazTiSi203294
BaSrzMnZSi4014295 KSiSbOsZ% Ca35i05297
La7,5gSi6026298 AgSiSb05299v30° Ligsi06301
Lay.g7Sig026298 PbzZnSi0,4302
L69,313i5025298 BizSiOsgc:3
Pb,Si043%*
Germanium
LazG6207305 Li2G€205306 Ca3G605_45307
Li4G99020308 Nd4G608309
szGa2G93010310 RbGeSb05311
CaaGazGe4014312 TIGeSbO5313
BaznGeO431* NaGeSh0s%%°
LigGeOg3%t KGeSbOs315
PbG€409316 Bi2G605317
Pb36605318
Pb5693011319
Antimony
BagNiszogl44 T|1osb2010320 SrzMnSb05321
K3Sbs014322
Pb,Sh,0/%23
Lead/Bismuth/Tellurium
CUBi204324 SrzBinMn05325 BideO4326
CusrloBi10029327
CS4Pb03 Ca4Bi6013328
PbTEO3329 BigTEOsgsU
Ag3BiO3524 CSsz03331
Rb,Pb0O3332
Pb3|\/|l"|7015333

ngTe03525
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Table 2. (Continued)

category (polar crystal classes)

A(1,2,34,6) B (m, mm2) C (3m, 4mm, 6mm)
Rare Earth Cation(s)
BagLU409334 Sl’a La409335 LiU 03336
BasY b409337 Sr3Nd409338 YbM I"IO3339
BazTm,;0g340 Cao_33MgY2_5706341 LagRu;0,1342
Ba3H0409340 SriP I’409343
Ba3Dy40933:: Sr3La28T4%09343
BazErsO9 Cu,Y20s
Ba3Y2Yb209344 BagErM n209345
SrZCaYb10018347 Cl,12H0205348
S rCazLu10013347 CszPr03349
BaCayE r10013350 LaYb03351
BaCasz10018350 BesP I’9020352
BaCasz1001835° CUzLU205353
BaCayH O5Y501841
BacazLasY501341
Miscellaneous

N623602354 NaoN i 02355 KeM 904356
Caz5Cug sPt0g3%7 K2ZngO7358

AU88207359

CsCu0360 BaNiO3%1

Cay.803Sr0.197CUO3%62

category (nonpolar crystal classes)

D (422, 222, 622, 32, 23) E (—42m, —4) F (=6, —43m, —62m) G (432)
Titanium
Fe1.58Mno,00 Ti3.2009%%3 Dy,TiOs%4
Bi12TiO2 BaTiSiz0g2%3
Vanadium
CugV2.1509 3837 VNbgO16%68 CasMgsZnVe0,43%°
Crg1V1.904%70
BaV206371 Bao_5S I’o_5CU2V203372 NaVeO11373
NaMgsV3012°74
KsV3010%7® BaCu,V,0g376
SrTIVO4377
SI’1,5Cdo,5V207105 VT39025378
PbV206379 VN b9024,9378
Bi12.03V0.89020%%°
BizsVOqo 38T
LiVTeOs382
Niobium
T83Nb2011383 Srcao,33Nbo,6603384 K6G64N b6026385
BaNb206356 Fer20635 Ba3Si4Nb6026388
Li5La3Nb2012339 Ba3Ti1,ZSi4Nb4,gOZ5,439°
Li3NbO4§gI Nb;|_4W3O44392
LasGas sNbo.5014%%°
Tantalum
CU5T&11030395
Na.06Ca.9aNb 13T a3 86010.97°% LaTa;019%°
Ba38 rRu 1,2Tao,309394
Ba38 rRuo_eTa1_409394
BasS i4T360253§g
Ba3$ i4T36023385
Molybdenum
Uz'\/|008398 Agbe0208399 CSL“\/|OO4400
KM0405401 CSGZI"I5M03032402
CUzZn1_75M03012403 AgSmM0208399
K4ZnM030124°4 La2M0064°5 Th M0203406
Cusz.85M03012%%7
Tungsten
NbgWgO,7408 Rb21.70W32 74065%%° Li;1FeW;0,5%10
BazFe,WOg!! Snop.2sWOs3
CSOA07WO35 1 Nd1»LuggWOg*13 CsLiWwQ4414
GegaWO3*15 Sno.11WO3*?
Y, WOg 3416 Rb2,W3,010747
EI’2WOe4]'8 Na0,33W03 19
GdyWOg#18
Nd,W0Og*20
Geo.2aWO3%21
Ca4AI 5WO 15268
SNWQ0 4422

Ko.26WO31%
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Table 2. (Continued)

category (nonpolar crystal classes) (continued)

D (422, 222, 622, 32, 23) E (—42m, —4) F (=6, —43m, —62m) G (432)
Iron
BaFe;04424 Lio.75Fe4.75Zn0.50g2°
CazFess5025%%6
CazFei5602%2°
Bii25Fe050105%%7
SrisFe10Bii0046*28
Ndo.sFe3B4Bio.s01242°
Rhenium/Ruthenium/Osmium/Iridium
La4Re601943° Cazl I’O4431 Li Rh02432
L8.4F{U60;|_9433 BagcaRU209394
LasOs019%3*
Nd4056019435
Boron

C90_5Lao_5BSi05436 LiBSiO4*37 CasEr3G628013438
Baznszoe439’440 LiBGeO4437 KBSizOe‘Ml

CSLiBeOlo‘M2 CsBe4BleI4023443
Ag3BO3444 CUBzo4445 ZI14B§O]_3446
NdAI3B4012%47 PdB,04%48 Ko.081B1.041Si1.95006%4°
YAI3B401,4%° NdAI,07B4010.6%*
GdAI3B401,452453 LiCdBOs#4
Gdo.97EU0.03AI3B4012%%2 Sro.74Bag.27B2Cu»06%% Be,Sr,B,074¢
NdGa3B4012%%" Sr0.66Ca0.34B2CU206%%°
Yo5EuUgsAI3B4012%41

Cobalt

KCOzO4458 C03A8208459

C82C05i207460

Copper/Silver/Zinc

K3AgOZ461 KAgO462 Ba3In22n5011366
K3CU02463 LiCuQ464

NaAgO*65

RbAgO%65

CsAgO*65

NaCu0465

RbCu0*65

BazYCU3Oe,8466

Aluminum

LiAlO,467 CaAlge7LaGay 330,468 CayrAlg 4033409
Nao,625Ca3,53AI501847° Sr2A|28i07471 Ca4AI6013472
Mgo,5A|1,25il'806473 CaAlzLa0,468 MgAIl,O4474

CaYAl,.1Cr.06B0.0306.07*"® Cu,Al,07476

Als 03Ge0.97Ndo,06Pbo.1509.71477
AlsGeg.972Pbo.209.71%""

Bay gAl21.33Pbo.37035.47%"8
BasRh2.33Yb2Aly 67015%7°
Bas_gcao_sRh2Y2A|201547g
BaeRh4_A|2015479
Na1.3Ndo.0Al230365*°
Ba(‘,A|2H02R|’120;|_5481

Gallium
Li5Ga04432 Ca,G aGeO7483
LagGass i014484 CazG aZS i 07485
LagGasGeOM“%
SI’3G 32694014487
Bi1268020488
Bi256a039489
Indium
Nagal n501549°
Silicon
Bi12Si0.87020"%"
Germanium
Cs4Ge4Shs020%? Fe10.65Ges5.33024%%° BisGes01,%%*
BaG 9409495 CdeE7015526
Bi12Ge02*% ThssGe1201072%
CsGeShOs*97
Antimony

MnSb206498 Gd3$b5012499’500

ngS b5012500

Sm38b50125°°

Yb3Sbs0;,500:501
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Table 2. (Continued)
category (nonpolar crystal classes) (continued)
D (422, 222, 622, 32, 23) E (—42m, —4) F (—6, —43m, —62m) G (432)

Lead/Bismuth/Tellurium

Bi1pZNn3020°%?
Bi1,Cd3050°%?
Bi;oM n020506
Bi12.67ZN0.33019.33%%"
Bi2s5.33ZN0.667040%°%
K,Pb,03
La,TeOg0°
|n2T806510
ngTe05511

szMnO45°3

NaePbO45°4
NagBi03505
Sr4.79CU0.66Pb3.21011.12°07

Rare Earth Cation(s)

NiU,06%12
CoU205512

BaPtEU205513

Miscellaneous

Bazn0,514
KgNi, 07516

szSﬂOzsm
N32H902520
KgHgOQSZO

Cay2Be17020°1°

BasPt2.0707.11%7
SI’BEsO451g
Lio.e4Pt304%%

a Underlined compounds contain second-order Jahn—Teller distorted cation(s). Italicized compounds contain tetrahedrally coordinated
cation(s). Underlined and italicized compounds have both types of cation(s). Compounds that are not underlined or italicized have neither

type of cation.

chosen in the mixture, the polarity remains unchanged.
However, this is not the case with respect to chirality.
If one enantiomer, «a, is selected no reorientation or
transformation will generate the  isomer. One ques-
tion that seems relevant to materials chemistry is the
structure—property relationships between chirality and
polarity. Does the chirality influence the polarity? For
ferroelectrics, polar materials whose dipole moment may
be reoriented in an applied electric field, that are also
chiral, does the enantiomorph influence the reorienta-
tion of the dipole? This seems unlikely, given that for
enantiomorphic materials physical properties are iden-
tical, but to our knowledge there has been no report of
ferroelectric measurements on a chiral-polar material,
to confirm this assumption.

The two remaining categories within NCS polar
materials are categories B, crystal classes m and mmz2,
and C, crystal classes 3m, 4mm, and 6mm. Materials
in these categories are both pyroelectric and piezoelec-
tric, with compounds in category B also possessing
optical activity. It should be emphasized that the
materials in these categories are not enantiomorphic.
Although it is sometimes reported in the literature that
for materials in these categories the enantiomorph was
refined, what is actually being done is a coordinate
transformation such that the polar direction is consis-
tent with convention. Thus the two structures of
opposite polarity are not different in the sense of
handedness, but rather only with respect to their
orientation on the diffractometer.

Pyroelectrics, or polar materials, have received a great
deal of attention owing to their important technological
properties.1>12 The commonly accepted distinction be-
tween ferroelectrics and pyroelectrics is in ferroelectrics
the electric dipole moment can be reoriented by an
external electric field, whereas pyroelectrics include
materials where this reorientation does not occur. Thus
ferroelectricity may be considered a subset of pyroelec-
tricity. One of the premier NLO materials, KTiOPQO,4,12
is generally termed as a ferroelectric, although owing

to the high ionic conductivity no dielectric hysteresis has
ever been measured.'* With ferroelectric materials the
phase transition to a polar state is accompanied by a
movement of atoms, usually metal cations, from their
nonpolar symmetry positions. Abrahams et al.*®> has
defined this movement of atoms along the polar direc-
tion as Az. By studying a variety of ferroelectric
materials, they were able to determine a fundamental
relationship between Az and the Curie temperature, Te.
This relationship, T, (K) = [(2.00 & 0.09) x 104](Az)?,
was shown to give good agreement for a variety of
ferroelectric materials.

In terms of symmetry, only compounds in 10 crystal
classes can show pyroelectric behavior, all of which can
also have SHG behavior (see Figure 1). The NLO
properties of oxygen-octahedra ferroelectrics have been
studied extensively owing to their favorable materials
properties, e.g., transparent in the visible, phase-
matchability, and chemical inertness. The relationship
between dipole moments and SHG behavior has been
discussed by a number of groups,'®~2! and dij values
(i.e., second-order NLO susceptibilities) have been cal-
culated based on the intra-octahedral distortions, since
the NLO susceptibility tensor, dijk, is extremely sensitive
to asymmetric chemical bonding. One of the most
successful methods for describing the relationships
between intraoctahedral distortions and NLO behavior
is the geometric analysis of Jeggo and Boyd.’® These
authors demonstrated that the full tensoral character
of djjx can be accounted for in terms of individual bond
polarizabilities 5. In their model, the NLO polarizability
of an individual bond is assumed to have C. symmetry.
This assumption generates two independent tensor
coefficients, 8l and 8, a parallel and perpendicular bond
component. The piezoelectric matrix for C., and all
other point groups, has been given by Nye.??2 These
matrixes immediately reveal which tensor elements are
nonzero. By use of the matrix for C, and the geo-
metrical model, the NLO bond polarizability is reduced
to a parallel B!l = 333 and perpendicular f” = 831 = Bs.
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(A complete explanation of the subscript notation is
beyond the scope of this article. The reader is referred
to Nye?? for a full derivation.) Relating 3, the NLO bond
polarizability, to dij, the NLO optical coefficients, is
accomplished through the use of direction cosines on the
crystallographically determined bond lengths. Thus for
every nonzero dij, the ith bond has direction cosines
limin; (from the metal to the oxygen). For a particular
dijk, all of the pertinent bonds in the unit cell are
summed and divided by the unit cell volume.’® The
initial work of Jeggo and Boyd assumed a highly
anisotropic NLO polarizability, gl > g9 Thus " was
ignored in their calculations. Even with this ap-
proximation, they were able to demonstrate excellent
agreement between theory and experiment for the dij
values of LiNbO3?® and Ba;NaNbsOj5.14 The geo-
metrical model was extended by Bergman and Crane,?*
who treated the transition metal—oxygen bond as a
three-dimensional entity, and thus determined djjx by
using both gl and % The geometrical model is analo-
gous to bond valence arguments?® in that both models
are nonquantum mechanical and are dependent on the
crystallographically determined metal—oxygen bond
length. Similar to bond valence parameters, bond
polarizability values, B!l and 85, have been calculated
for a variety of metal—oxygen bonds.2*

A second but more quantum mechanically derived
model has been developed by Levine.?6 His bond charge
model describes the bond polarizability with respect to
a bond charge residing in an anharmonic potential well.
The size and electronegativity differences between
atoms result in the anharmonicity. The nonlinearity
observed in niobates and tantalates is explained through
the unequal contributions of the short and long transi-
tion metal—oxygen bonds to the total NLO susceptibil-
ity. In Levine’s model 8 is dependent on the bond
length, which makes the model fully compatible with
the geometrical model of Jeggo and Boyd. Similar to
the geometrical model, but implicit in Levine’s model,
is the assumption that the perpendicular bond polariz-
ability is negligible, e.g., B!l > S,

Irrespective of model, a common factor is the inclusion
of the crystallographically determined transition metal—
oxygen bond lengths in the theoretical calculation of dijx.
The experimental determination of djx is done by
utilizing the Maker fringe technique and SHG active
crystals.?’” Necessary requirements for Maker fringe
measurements are large crystals, >5 mm, that have
been cut and polished to expose a specific face. Because
of the above requirements, dijx values have been experi-
mentally determined for only a few of the materials that
are SHG active. It remains an ongoing challenge for
chemists and material scientists not only to synthesize
new SHG materials but also to grow large enough
crystals for Maker fringe measurements.

Noncentrosymmetric—Nonpolar Crystal Classes

Categories D, E, F, and G comprise the NCS nonpolar
crystal classes. Except for category F, which include
crystal classes —6, —43m, and —62m that contain
materials that are only piezoelectric; the remaining
categories have compounds that possess a combination
of NCS symmetry properties. Compounds in category
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D are enantiomorphic, optically active, and piezoelectric,
whereas materials in category E are optically active and
piezoelectric, and complexes in category G are enantio-
morphic and optically active.

Before continuing on with the categories, it is instruc-
tive to discuss a term often associated with all NCS
materials, especially enantiomorphic compounds, namely,
“absolute”. It was suggested by Jones?® and expanded
by Glazer and Stadnicka?® that absolute should be
extended to instances where an external macroscopic
physical property has been related to the structure. The
latter two authors argue that “the use of absolute
[should] connect the crystal structure to the outside
world, so that once the connection has been made, it is
no longer necessary to redo the X-ray measurement
when referring to the way in which the structure
correlates with the property in question, i.e., the struc-
ture determination is absolute in the true sense of the
word.”?8 It is this definition of absolute, linking crystal-
lography with a physical property, that should be used
when the absolute structure of a material is discussed.

Returning to the categories listed in Table 1 reveals
that materials in categories D and G are enantiomorphic
as well as optically active. Compounds in category D
are also piezoelectric, but that shall not concern us at
present. The connection between enantiomorphism and
optical activity is conceptually the most straightforward
and has been discussed at length.3® The determination
of the structure for an enantiomorphic crystal fixes the
structural chirality—the crystal is of one enantiomer or
the other. Thus irrespective of the crystal’s orientation
on the diffractometer or the method used in obtaining
the data, no transformation or reorientation will pro-
duce the other isomer. Once the structure and chirality
have been determined, the observation and measure-
ment of the optical rotation fixes the structure with
regards to the sign of the rotation. That is, the chiral
structure has been irrevocably linked with the sign of
the optical rotation.

The final two categories, E and F, contain materials
that are piezoelectric and, for compounds in category
E, optically active. As previously stated piezoelectricity
and SHG behavior have the same symmetry require-
ments and are described by a third-rank tensor, djjx.??
We have already discussed that with SHG behavior the
dij values can be computed as well as experimentally
determined. But what about djjx values concerning
piezoelectric behavior? If an electric field is applied to
a piezoelectric crystal, strains develop in the crystal.
This phenomenon is the well-known converse piezoelec-
tric effect. The strains of the crystal are attributable
to the microscopic deformations in the unit cell. It has
been shown3! that in a piezoelectric crystal the Bragg
angles of a given reflection will be changed in the
presence of an electric field. Thus by collecting the
crystal data in the presence of an electric field, one can
determine the piezoelectric tensor elements. In practice,
however, the measurement is nontrivial. A technique
has been developed to measure very small changes in
X-ray diffracted intensities upon application of an
electric field.32 They demonstrated this technique on
the organic NLO material 2-methyl-4-nitroanaline and
were able to determine the magnitude and sign of the
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piezoelectric tensors.32 This method should be extend-
able to oxides and should provide another manner in
which a NCS symmetry property can be measured.

Cation Coordination Environments

The NCS oxides listed in Table 2 are also described
by the coordination environment of the transition or
main group metal. The table is organized as follows:
Underlined compounds contain second-order Jahn—
Teller distorted cations. Italicized compounds contain
tetrahedrally coordinated cations. Both underlined and
italicized materials have second-order Jahn—Teller
distorted and tetrahedrally coordinated cations. Fi-
nally, compounds that are not underlined or italicized
have neither type of cation.

The first-order Jahn—Teller effect (FOJT)3 deals with
molecular distortions attributable to degenerate elec-
tronic ground states, whereas the second-order Jahn—
Teller effect (SOJT)3* is concerned with structural
changes owing to a nondegenerate ground-state inter-
acting with a low-lying excited state. An SOJT distor-
tion occurs when the energy gap between the highest
occupied (HOMO) and lowest unoccupied (LUMO) mo-
lecular orbital is small and there is a symmetry allowed
distortion permitting the mixing of the HOMO and
LUMO states.3>37 For example, if the HOMO and
LUMO have a and e orbital symmetry, respectively, and
the energy difference between the two orbitals is small,
then the LUMO e will be split to a and b orbitals and
the HOMO a will be stabilized by mixing with the
LUMO a. Mathematically, the SOJT effect can be
understood through the use of second-order perturbation
and group theory. A full mathematical treatment is
beyond the scope of this article and the reader is
referred to the relevant papers.527-530 Briefly, the wave
function after the distortion can be described as

U’ = 1/’0 + 2k[(Q<¢o|BU/BQWJK>)/(E0 - Ek)]wk

We are interested in the < 1,|0u/9Q|yk > and the (E, —
Ey) terms. With respect to the former term, the integral
will only be nonzero if the symmetry of the excited state
(LUMO) matches that of the ground state (HOMO). The
latter term is the energy gap between the HOMO and
LUMO. We will be discussing how the SOJT effect
relates to NCS oxides. For octahedrally coordinated d°
transition metals the mixing of the HOMO and LUMO
is always symmetry allowed, with the energy between
the orbitals correlating with the size and charge of the
cation.3! As Goodenough and Longo®32 discussed, a d°
transition metal cation may distort tetragonally, along
the C, axis, orthorhombically, along the C, axis, or
rhombohedrally, along the C3 axis (see Figure 2). Kunz
and Brown33! recently pointed out that SOJT distortions
are not the only displacive presence in d° materials. By
using bond valence arguments? they were able to
demonstrate that bond network stresses (i.e., the asym-
metry in the bond network, including contributors from
second and third bonded neighbors), lattice stresses (i.e.,
stresses caused by the requirement of translational
symmetry), and cation—cation repulsions can also be
important. Based on their model, of the four effects,
only the bond network and cation—cation repulsions can
direct the distortion. The lattice stresses and the
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Figure 2. Possible intraoctahedral distortions for d° transition
metal oxides.

electronic distortion (SOJT) do not have directional
preferences. They argue for a weak electronic distortion
(e.g., Sc2*); no structural distortion is observed, whereas
for a moderate electronic distortion (e.g., Ti*", Nb5", and
Ta5") the direction of the distortion is determined by
the bond network asymmetry and (if present) cation—
cation repulsions. They also suggest that for 5+, Mo+,
and W6+ where the electronic distortion is large, the
bond network will support and direct the distortion.

The SOJT effect, the HOMO—LUMO interaction, can
also be used to explain the distorted environments of
metals with nonbonded electron pairs, TI*, Pb?*, Sn?*,
Sb3*, Bi®t, Se*t, and Te*". An example using Te*"
should prove illustrative. Four-coordinate tellurium
might be expected to have tetrahedral symmetry (Tq).
However, in this geometry the s? electron pair would
occupy a strongly antibonding a;* orbital (HOMO). As
such, a distortion occurs to square-pyramidal geometry
(Cay) which lowers the energy of the HOMO by mixing
with the LUMO p-orbital, i.e., s—p mixing. Thus the
HOMO is stabilized, and the lone pair becomes stereo-
chemically active, thus resulting in the observed asym-
metric coordination environment.

But how does a SOJT distortion manifest itself in the
NCS oxides? An SOJT distortion is observed in 184
(47%) of the 388 NCS polar oxides, and in 70 (38%) of
the 190 NCS nonpolar oxides. As previously stated, two
families of cations are susceptible to an SOJT distortion,
d° transition metals and cations with nonbonded elec-
tron pairs. Within the NCS polar group, 201 oxides
contain d° transition metals, of which 154 (77%) have
an SOJT distortion. In addition, an SOJT distortion is
observed for all 43 of the polar oxides containing cations
with nonbonded electron pairs. For the NCS nonpolar
oxides, 71 materials contain d° transition metals, of
which 45 (63%) have an SOJT distortion. Similar to
the polar oxides, an SOJT distortion is observed for the
32 nonpolar materials containing cations with non-
bonded electron pairs. It should be remembered that
two factors are necessary for an SOJT distortion. There
must be a symmetry allowed distortion permitting the
HOMO and LUMO to interact, and the energy gap
between the HOMO and LUMO must be small. From
the above distribution of NCS oxides, it is clear that if
an SOJT distortion occurs the material is more likely
to be polar than nonpolar.
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This observation may be understood by examining the
symmetry changes that occur for both d° transition
metals and cations with nonbonded electron pairs
during an SOJT distortion. The undistorted symmetry
for d° transition metal oxides is Op, with t;, (HOMO)
and tyg (LUMO) orbitals. It has been shown®33 that if
the oxidation state of the transition metal is large, e.g.,
Ti4*, Nb5", and Mo®*, the gap between the HOMO and
LUMO is reduced. The interaction between the t;, and
the tyg results in vibrations of t;, and ty, symmetries.
The t;, vibration is a tetragonal displacement of the
central metal atom along the C,4 axis of the octahedron,
whereas the ty, vibration changes the octahedral sym-
metry to trigonal prismatic, i.e., the cation distorts along
the C3 axis (see Figure 2). Thus an SOJT distortion on
a d° transition metal with a high oxidation state changes
the symmetry from centrosymmetric to NCS polar. An
examination of the NCS oxides with d° transition metals
supports this statement. For example, of the 69 NCS
oxides with a SOJT distorted Nb>", 58 materials are
polar, whereas only 11 are nonpolar. Similarly, for the
30 NCS oxides with a SOJT distorted Ti**, 25 are polar
with only four compounds found in nonpolar crystal
classes. A related situation occurs for the cations with
nonbonded electron pairs, TI*, Pb%", Sn2*, Sb3*, Bi®,
Se*t, and Te**. As stated earlier, the antibonding a;*
HOMO orbital is stabilized through interacting with the
tiw LUMO orbital. The resultant coordination environ-
ment varies depending on the size and charge of the
metal cation; however, a square pyramidal geometry
(C4y) is not uncommon. With regards to the polar and
nonpolar crystal classes, of the 75 oxides with non-
bonded electron pairs 43 of the materials are polar,
whereas 32 are nonpolar. The above observations
concerning the SOJT effect on NCS oxides does not take
into account packing forces, second- and third-bonded
neighbors, or cation—cation repulsions. Nonetheless, it
is clear that an SOJT distortion has a strong influence
on whether a NCS compound is polar or nonpolar.

In addition to a SOJT distortion, NCS oxides often
contain cations with tetrahedral coordination geom-
etries. In oxides, tetrahedra are usually corner linked,
rarely edge sharing, and never face sharing. This
observation follows Pauling's third rule, that states the
sharing of sides and, in particular, faces between
coordination polyhedra reduces the stability of the
structure.5¥* Three possible structural arrangements
for corner-sharing tetrahedra are shown in Figure 3. In
the Figure 3a, the central atom is on a mirror plane
parallel to (110); in Figure 3b the central atom is on a
2-fold axis, whereas in Figure 3c the linking atom is on
an inversion center. The occupation of particular sym-
metry positions has been discussed in detail by Wil-
son,53% who suggested that how often a space group is
observed in nature depends on the extent to which its
symmetry elements interfere with packing. In a given
space group any unoccupied special position creates a
space around itself in which another atom cannot reside
owing to unfavorable interatomic interactions.>%® Around
an inversion center the space is a spherical region of
diameter R, for any rotation axis it is an infinite cylinder
of diameter R, whereas for a mirror plane the space is
an infinite sheet of thickness R. Vacant mirror planes
create more forbidden space than vacant rotation axes,
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Figure 3. Three possible structural arrangements of corner-
linked tetrahedra. The tetrahedrally coordinated atom is on
(@) a mirror plane parallel to (110) or (b) a 2-fold special
position. In (c) the bridging atom is on an inversion center.

which in turn have more forbidden space than vacant
inversion centers. Based on Wilson’'s arguments, in a
space group containing all three symmetry elements,
placing an atom on a mirror plane should be more
advantageous than on an inversion center. If a cell edge
of “x” is assumed, the distance between the central
atoms residing on a mirror plane is x+/2, which is the
same as when the atoms are related by a 2-fold (Figure
3b). The cation—cation distance is xv/3 when the
bridging atom is on an inversion center (Figure 3c). If
the tetrahedra are symmetry related by a mirror plane
or 2-fold, the cation—cation distance is 18% closer
compared with an inversion center. For example, the
Ge—Ge distance in the NCS nonpolar Cd,Ge;0145%%
where the Ge** are on 2-folds is 3.171 A, whereas in
the centric CdGe,05°37 the Ge4* are on inversion centers
and the Ge—Ge distance in 3.454 A.

Conclusion

This review has compiled the NCS oxides and cat-
egorized the materials by symmetry-dependent prop-
erty, crystal class, and cation coordination environment.
One of the purposes of this review was to elucidate
common features of NCS oxides. Based on our primary
division, polar and nonpolar, and our discussion of
coordination environments, a number of conclusions can
be drawn from Table 2. Of the 578 NCS oxides, a
majority, 388 (67%), of the materials are polar. The
NCS polar oxides can be further divided into materials
that have a SOJT distortion, 184 (47%), and compounds
that have a tetrahedrally coordinated cation, 118 (30%).
Oxides with both types of cations have been counted
once and included in the former category. With regards
to the NCS nonpolar materials, they comprise 190 (33%)
of the 578. Similar to the NCS polar oxides, the 184
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NCS nonpolar materials can be further divided with 70
(38%) having a SOJT distorted cation and 73 (40%)
containing cations in tetrahedral coordination. A chart
is given below that illustrates the divisions.

NCS, 576
polar, 388 (67%) nonpolar, 190 (33%)

SOJT distorted tetrahedral coord SOJT distorted tetrahedral coord
184 (47%) 118 (30%) 70 (38%) 73 (40%)

Within each group, polar and nonpolar, the percent-
age of materials with a SOJT distorted cation and a
tetrahedrally coordinated cation are nearly equal and
opposite. This suggests that if an oxide contains a
cation susceptible to a SOJT distortion and is NCS, the
material is more likely to be polar that nonpolar. An
SOJT distortion on d° transition metals and cations with
nonbonded electron pairs changes the site symmetry of
the cations from centrosymmetric to NCS polar. This
symmetry change often, but not always, manifests itself
through the material crystallizing in a polar space
group.

This review has also discussed the host structure—
property relationships that are found for NCS materials,
as well as describing the techniques available to mea-
sure the symmetry-dependent properties. What has not
been discussed is the synthesis of new NCS materials.
Based on this review can any strategies be put forward
concerning the rational synthesis of new NCS materi-
als? From our compilation, nearly 80% of the 578 oxides
have either a SOJT distorted cation or a tetrahedrally
coordinated cation. It would seem reasonable that to
increase the incidence of NCS in any new material, one
would combine metals that are susceptible to an SOJT
distortion and found in tetrahedral coordination envi-
ronments. Of course, these two factors are not solely
responsible for all NCS oxides, as there are numerous
examples of materials with both types of cations that
are centrosymmetric. Nonetheless, we feel that by
combining these types of cations the highest probability
exists for synthesizing new NCS materials.
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