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Symmetry and Lattice Dynamics of Oxides with Perovskite-like Structures 

• BY EKHARD SALJE 

Mineralogisches Institut der Technb~ehen Universitiit, 3 Hannover, Welfengarten 1, Germany (BRD) 

(Received 8 September 1975; accepted 4 October 1975) 

Based on a topological definition the possible space groups for a perovskite-like structure are derived 
for small unit cells. The irreducible representations are calculated from them for interpretation of the 
phonon spectra. To compare the character of the bonds in some oxides, Raman spectra have been taken 
and interpreted on the basis of a simple lattice-dynamical model. It was found that covalent interaction 
occurs in NaxWO3 and XIOa (X = NH4, K, Rb, Cs) whereas titanates and niobates are mainly ionic. A 
model for classification of perovskite-like compounds is discussed. 
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1. Introduction 

Structures with topological similarities to CaTiOa are 
called perovskite-like. The highest possible symmetry 
with the smallest elementary cell is characterized by the 
space group O~. Nearly all structures observed show 
lower symmetry caused by deformations of the crystal 
lattice (Megaw, 1957; Glazer, 1972). These deformation 
structures are often correlated with important physical 
effects typical of most of these crystals, such as ferro- 
electricity, ferroelasticity, piezoelectricity, and optical 
activity. 

In some cases, the deformation vectors can be 
thought of as amplitudes of frozen phonons in the soft- 
mode model as derived by Cochran (1960), Cowley 
(1964) and others. The most critical phonons are the 
Slater mode (Slater, 1950) T,u in the centre of the Bril- 
louin zone (BaTiO3), the corresponding M-phonon at 
the zone surface (WO3), and the R25 mode (SrTiO3). 
The resulting deformation structures are typical for 
structures with strongly electrostatic bonds. In fact, as 
in WOa, these effects are often superposed by covalent 
interactions leading to complex structures of the 
perovskite type. 

In this paper the related space groups and their ir- 
reducible representations are given for Z =  1,2, and four- 
fold elementary cells. The results are compared with 
measurements made by Raman spectroscopy. A 
separation of the bonding types is then possible by 
examination of the effective ionic charges. 

J 
Fig. 1. Simplexes AO~ and BO3 (left side) in a simple unit cell 

(Z= 1). 

II. The possible space groups 

A consideration of the topological similarities of these 
ABO3 structures must be based on the types of coor- 
dination polyhedra and their mutual relationships and 
not on lattice constants. In the concept of algebraic 
topology, this can be defined with the help of sim- 
plexes, considering the periodic repetition of the ele- 
mentary cell in the lattice. If the equivalent sides of the 
cell are identified, the structure is built up of 8Z 
three-dimensional simplexes (BO)3 with: 

ex. {BO~, i= l . . .8}"  NBO~=B0 
i 

VBO~: BO{e{BO~}, j= 1,2,3 
with n BO~, BO~ = BO, 

i 

VBO~" BO~e{BO~}, j= 1,2,3 
with BO~c~BO~-- BO2. 

Each simplex BO~ connects six complexes with zero- 
dimensional section 00. 

Analogously: 

ex. {AO~, i= l . . -8}"  NAO~=A0 
i 

VAO3t: AO~{AO~} with f3 AO~, AO~=AO~ 
i 

VAO~: AOg'~{AO~} with n AO~, AOg'=AO~, 
i 

l=1,2, m = l - . . 4 .  

The subscripts denote the dimension of the simplexes; 
Z is the number of complexes in the unit cell. 

A picture of a possible choice of simplexes is given 
in Fig. 1. Here AO~ denotes the hole between the 
simplexes. With the help of these it is possible to define 
a 'degree of interaction'. This degree is called n if a way 
can be constructed from two positions, containing n 
three-dimensional simplexes as a minimum. The num- 
ber of equivalent ways is typical for the type of struc- 
ture. In the case of perovskite-like structures there are 
three minimal ways A to B (A-O-B) and only one mini- 
mal way B~ to B2 (BI-O-B2) and A1 to A2 (A1-O-A2) 
respectively. This definition is analogous to that of 
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Megaw (1957), who considers LiNbO3 as a compound 
with a perovskite-like structure in contrast to Keith & 
Roy (1954). 

If  the topologically defined structure is set into 
metrical space, it is possible to evaluate the resulting 
symmetries and hence the space groups. For small cells 
(27 < 4) which correspond to the classes 1 and 2 defined 
by Megaw (1957); this is done in Table 1. The space 
groups are derived according to the choice of the 
elementary cell and the zellengleichen Obergruppen- 
relation (Boyle & Lawrenson, 1972). The irreducible 
representations of some of the space groups are 

derived by a factor group analysis and compiled in 
Table 2. 

IlI. Lattice-dynamical models 

As a consequence of the symmetry, the transformation 
behaviour of the lattice-dynamical interaction matrices 
changes from isotropy. The secular equation in the 
rigid-ion model (,Born & Huang, 1954) is given by: 

Me92 U = (R + Z'CZ) U. 

For computing the real phonon frequencies 09, the 
more complex shell model (Cochran, 1960) has to be 

Table 1. The zellengleiche Obergruppenrelation for the space groups with Z =  1, Z =  2 (EZ= 2,3), and Z =  4 
(EZ=4,5)  

o,(r,o.%.) 

D~h(E~,A2~.Bz~) D3~(E.,AI~,A2.) 

N,( . ,.~) CdE; ",. f') I %XE;&.A~)--C~(E'.A) 

/ 

I 
- -  C,XA,.B',.B',) 

L ~ ~ ( A o . B , )  

C~(.~,B') C,(~,.A'~) 

CXAo) 

C,CA') 

Cll EZ - 2 

c 1 EZ = 3 

7 

I 3 5 7 E z = 4  
D411 O4h D4h D4h 

1 3 $ 7 c 1 c 2 1 4 5 7 8 9 11 o,~ 
C4 hl C4 h3 D41 D42 D2d D2d D2j D2d 4v 4v D2~ D2h D2h D2h D2h D2h D2h 

I I 1 2 3 I 2 3 4 7 8 1 2 5 
2 ~ v  v v ... . 

C 1 EZ = 5 

~k~.,. ~. o~-.~ c~.., , /  ~v -,'-,o.~o.~' 

1-3 5-7 9 12-14 25 2616 1-3 5 I-7,9-11 

DI~3,5,7-10,14,17 
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used. To understand the crystal chemistry ofperovskite- 
like compounds the most interesting parameter is the 
relation between the short range forces R and the 
Coulomb forces Z ' C Z ;  Z is the vector of the effective 
ionic charges and C the matrix containing the Coulomb 
coefficients (Cowley, 1964). Neglecting the additional 
shell polarizabilities in the shell model, a simple model 
has been used to compare the bonding behaviour of 
the compounds investigated experimentally. Hence 
only the relative values of R and Z can be taken into 
account and it is incorrect to use these values for other 
types of structure. 

As the Coulomb coefficients C have a smooth de- 
pendence on the deformation of the structure, they are 
assumed to be constant. It is then possible to give 
simple approximation for the phonon frequencies" 

T,,,(A-BOa) • A, + 2B1 = ½[1/(3mo + ma) + 1/mA-'O~ 2 

T,,(B-O, O-O)" oga 2 -- B2(1/mBo + ½mo) 
+ 2A3/mo, B3 ~ 0 

T~.(O-O) : o)~= B~.(1/m. + i )mo) + 2A3/mo, B3z0 
Bz ~. (0)2i - 09~) [1/(m~ + mZn/mo) + ½too] 

Tx,fB-O)" A 2 = ( 1 / m o  + 1/m,)-lco 2 
+ ( 3 / m o  + 1/ma)-lo)  2 

Table 2. Space groups, W y k o f f  position (W), number o f  symmetry  coupled positions (N), maximum,  local symme-  
try (symm.),  degree o f  interaction (d.i.), and the irreducible representations f o r  simple and:twofold unit cells 

Space 
group EZ W N 

C~ 1 a 1 
C~ 1 aefgh 1 
CI~ 1 ab 1 
C x 1 abcd 1 
C~n 1 ahefg 1 
Clo 1 abcd 1 
D~a 1 abdg 2 
Clo 1 abc 2 
D~n 1 ahfdg 1 
Din 1 adce 2 
O] 1 abc 3 
D~ 2 abhcdi 4 
D]n 2 abif 4 
D~a 2 absdfg 2 
DIo 2 abc 2 
C~o 2 abc 2 
Dt,~ 2 actfhsr 2 
C?,~ 2 afbi 4 
D~ 2 adbc 2 
C]n 2 aed 2 
C~ 2 abef 2 
C~ 2 ablghk.i 2 
D~ 3 ace 4 

D]n 3 acdh 4 
DI~ 3 acefk 4 
D[a 3 abgi 4 
D a 3 ace 4 2d 

D~a 3 adfen 4 
C~o 3 abc 4 
C~. 3 abcd 4 
D~ 3 acf 4 
CI~ 3 acefk 4 
S1 3 acgh 4 
CI 3 abcd 4 
Dt~ 3 abd 4 
D9n 3 acdh 4 
D~,n 3 afdgbez 4 
C ~ 3 abe 4 2p 

C~ 3 abc 4 
C~o 3 abc 4 
Clo 3 adcbi 4 
D~ 3 abck 4 
D~ 3 abc 4 
D~ 3 abcefgu 4 
C s 3 adce 4 2h 

CIn 3 abdgefo 4 
C~ 3 ab 4 
C] 3 abe 2 
C] 3 abc .4 
C~ 3 abcde 2 

Symm. d.i. 
1 
T 
m .  

2 
2/m 
mm 
~2m 1 
4mm 1 
mmm 
4/mmm 1 
m3m 1 
4/mmm 2 " 
~2m 2 
~[2m 3 
4mmm 1 
mm 3 
mmm 2 
7(,2/m 2 
2 2 
m,T 2 
2,-f 2 
2/m 2 
2~2m 2 
4mm 
4/m,mmm 2 
4/mmm 2 
2[2m 2 
7~,mm 2 
7~ 2 rn 2 
4,mm 2 
4mm 2 
4,222 2 
4/m 2 
4 2 
4 2 
ram,1 • 2 
2/m 2 
mmm 2 
mm 2" 
ram,2 2 
2 2 
mm 2 
222 2 

J 

2 2 
222 2 
I 2 
2/m 2 
ra 2 
m 2 
2 2 

.2 2 

Irreducible representations 
12A 
12A. 
8A', 4A" 
4A, 8B 
4A.,, 8B, 
4A1, 4B,, 4B2 
4B2, 4E 
3A1, B1, 4E 
4B1.,, 4B2.,, 4B3, 
3A2., 4E.,, 1B2. 
3 Txu + T2. 
2Alg, Blo, B2.,, 6E., 3Eo, 5A2~ 
/320, Axg, Bxo, 3Eg, AI., 2A2.,, 2Bz., Bl.,, 6E.. 
3A1, 6B2, 9E 
7Al, 2B1, 9E 
4A1, 5B1, 9E 
3Ag, 3B2a, 6B1~, 3B3a. 6B2~, 6B3. 
3A., 3B.,, 6E., Ao, 2Bq, 3Eg 
5A, 6B1, 4B2, 9B3 
11A.., 7B.,, 3A 9, 6Bg 
4A., 3Ao, 6B.,, 6B.. 
9(AIB1B2) . 
AIa, Big, B2g, 2Eg, AI., 
2A2u, BI., 2B2., 5E. 
AI., 4A~., 4B2u, 9Eu 
Ato, Blo, 3Ea, 4A2.,, 3B2,,, 7E. 
3AI, A2, B,, 4/?2, 9E 
3A1, 3A2, 4B1, 3B2, 7E 
A1, 5A2, 3B1, 4B2, 7E 
5A1, 2A2, 5B,, Bz, 7E 
6A1, A2, 5B1, Bz, 7E 
3A1, 5A2, B1, 4Bz, 7E -, 
4A~., 3B.,, 3E,,, 2.Ao, 2By,. E a 
5A, 6B, 8E 
6A, 5B, ~ 8E 
3(Ao, B2a, B30, au), 5(B1., B2., B3~) 
2Aq, 2Big, B2g, B3a, 4A., 3B1., 7B2,, 7B3. 
2Aa, 2Big, Bzo, B3o, A.., 6B1., 7B2~, 7B3. 
13A1, 13B2, 9Bx, 4A2 
9A1, 4A2, 13B1, 13Bz 
5A1, 6A2,~ 8B1, 8B2 
8A1, 3A2, 8B1, 8B2 
2A, 7B1, 9B2, 9B3 
6A, 5Ba, 8/},,'8B3 
3A, 8B,, 8~;,-8~; 
3Ag, 3Bg, llA., 10Bu 
3Aq, 3Bo, 8A., 8B. 
llA', 16A" 
18A', 9A" 
llB, 16A 
18A, 9B " ; 
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Z~ ~ [1/(3mo -t- ms) + 1/mA]- ~[o924(LO) -o92(TO)]/4n 
ZBZoz {[1/mo + 1/ms] -1 [co2Z(LO)- co~(TO)] 

+ [3/mo + limB] -1 
x [co~(LO) - coa2(TO)] } 1/34.3 

Z A -3 I- Z B -3 I- 3Zo = 0 .  

These formulae hold good if the effective ionic charges 
are small and the BO6 groups can be taken as separated 
complexes. The principal form of the resulting terms 
is given in Fig. 2. However, if the intramolecular forces 
,42 and B2 are too strong, this approximation corre- 
sponds to the molecular force approximation. In the 
latter case the BOx complex is taken os a rigid molecule. 
Hitherto we have observed two types of complexes: a 
nearly pyramidal complex (e.g. IO3) and an approxi- 
mately tetragonal complex (e.g. WO4 in WO3). The 
connexion between both approximations is: 

Pyramidal: 

2 ( cos2 f l)A2/mo+3A3/ms ' 0~2,1 + o~2.1= 1 + 3 mo 
m s  

2 2  ( 3 + 9  mo)  
= c o s  2 ~A2A;/m~ (D2,1(D3,1 mB 

(.02,22 _~_ 0.)3,22 = (1 + 3mo/2ma sin 2 fl)Az/mo-b 3A~/2ms 

22=( ) 0)2,2c03.2 ½_¼ sin2 f l+~  mo sin2 fl A~A;/mg 
ms 

Tetrahedral: 
C-O~,t:-" A2/mo, 09~,1: 3B'2/mo, B'2= B2(A3) 

2 2 A2 (1 +4mo/3ma)+2 Bz (D2'2 -at- ('03'2 = m----o- mo 

(1 + 8mo/3mB) 
2 2 2A2B~/m2o(,1 +4ms/mo) (.02,2(1)3, 2 -~  

The ionic charges vanish in this pure covalent model. 

IV. Experimental 

Crystals of NaxWO3 (x < 0-28), NH4IO3, KIO3, CsIO3, 
RbIO3, and (Ba, Sr) NbO3 have been examined by 
Raman spectroscopy. The experimental arrangement 
has been described (Salje, 1974). All crystals had a 
minimum size of 0.01 mm 3, and it was possible to use 
single crystals for spectroscopy. No Correction for the 
spatial dependence of the scattering frequency has 
been made. In NaxWO3, the separation of low-frequen- 
cy longitudinal and transverse phonons was made with 
the forward scattering arrangement (Salje, 1975). For 
cooling the crystals a commercial cryostat was used. 
The temperature during the cycle of measurement of 
approximately 30 min was kept constant to + 2 °. 

V. Results 

The Raman spectra of the iodates and (Ba, Sr) NbO3 
are shown in Fig. 3. The latter shows strong irregular 

line-broadening effects like BaTiO3. The phonon fre- 
quencies of the iodates are compared in Fig. 4. The 
high-frequency band near 750 cm -t ,  typical for octa- 

w 2 (e21V) 

2~ 

m LO 

~ L O  

~TO 

l-c 
lu 

c 
3 ~ "[1 u 

I- ~--TO % 
~TLO TI" 

Fig. 2. A schematic diagram showing the phonon frequencies 
in a pure covalent (left) and an ionic crystal (right) in the 
approximation used. 

X-K 

X-Rb 

X=C$ 

X-NH= 

W[rm'~] 600 400 200 

(a) 

I I I I 
[crR 1] 1000 75O 5OO 25O 0 

(b) 

Fig. 3. Raman spectra of (a) XIO3 (X = K, Rb, Cs, NH4) and 
(b) (Ba, Sr)NbO3. The intensities of all high-frequency 
Raman lines are x 10 -1 in the iodates. 
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hedrally coordinated I, is nearly the same for.all these 
crystals. It was discussed earlier (Salje, 1975; Viswa- 
nathan & Salje, 1975) that the fine structure of this 
band can be understood for NH,IOa by the scattering 
of nearly pyramidal IOs groups• The typical aspect of 
the iodates is therefore the deformation of the I 
positions from the octahedra centre in one of the [111] 
directions, accompanied by a destruction of the octa- 
hedra. Hence the iodates are examples of a perovskite- 
like structure with deformations caused by short-range 
covalent effects• 

An analogous deformation was found in the Na-W 
bronzes. These compounds are semiconductors at 
room temperature and insulators in the low-temperature 
phase (Salje & Viswanathan, 1975,). The structure of 
pure WOa at room temperature was solved by Tanisaki 
(1960) and at low temperatures by Salje (1976). The 
main feature of the structures is the quasi-tetrahedral 
coordination of W. In accordance with this rather 
unusual environment the Raman spectrum shows four 
lines directly correlated to W-O interactions of nearest 
neighbours at 719, 808, 275 and 330 cm -~. These lines 
can be interpreted as due to the tetrahedral bonds of 
WO4. On the other hand, it is also possible to describe 
the spectrum as a group of well-split 7'i, line,~ with lost 
parity. In both models the effective ionic charge of W 
is small• A longitudinal-transverse splitting can be 
detected in the low-frequency range. These phonons 
are approximately F-phonons detectable in the Raman 
experiment. Really they must be seen as M-phonons 
(in the smaller subcell) which become Ramat~ active as 
a result of the superstructure, caused by the zig-zag 
arrangement of  the W positions and the torsions of the 
deformed octahedra. Hence this splitting is correlated 
with the acoustic branches, The effective ionic charges 
(with Cr = -4zr/3 and CL = + 8~r/3) in Table 3 are now 
attributed to the WO4 complexes 

With increasing Na content in Na.WOa only a small 
change can be detected in the high-frequency part of 

LO 

700' 
~ . _ . . _ _ . . _ _  ~ 

J 

100  

Cs Rb NH4 K 

Fig. 4. Measured Raman frequencies in some iodates. 
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the spectrum (~>200 em-1). The lowest phonon 
shows a critical behaviour. This phonon is Raman 
active in the (x < 0.28) metallic phase. This F-phonon 
becomes really a M-phonon, because the super- 
structure vanishes. As the deformation structure of 
WO3 can be described as caused by a soft-mode 
behaviour of these phonons, they have to be critical at 
the point of phase transition to the cubic phase. This 
transformation is brought about not by temperature 
but by chemical composition. The application of the 
lattice-dynamical model to the measured phonon fre- 
quencies gives the short-range parameters and effective 
ionic charges listed in Table 3. For comparison the 
parameters for LiNbO3, BaTiO3, and SrTiO3 taken 
from Claus & Schr6tter (,1971), Burstein (1969), and 
Cowley (1964) are computed with the same model and 
collected in Table 3. 

VI. Discussion 

The calculated strength of B-O bonds, the effective 
ionic charges, and the symmetry behaviour of the 
short-range coupling shows that perovskite-like struc- 
tures can be classified into two types depending upon 
the deformation: those with primarily covalent B-O 
interactions (e.g. iodates) and those with long-range 
ionic interactions. If the latter predominate, two typical 
ionic deformation structures can be distinguished: 

(1) the BaTiO3 type with critical behaviour of the 
Slater mode, and 

(2) the SrTiOa type with freezing of one more of the 
R25 modes at the zone boundary, leading to rotations 
of the BO6 octahedra against each other. 

Both ionic types should not be restricted to the tetrag- 
onal phase of BaTiO3 and SrTiO3, but expanded in 
other points of the Brillouin zone. Hence also the 
corresponding M-phonons to the Tlu mode causing 
antiferroeleetrie structures belong to this type. Similarly 
all rotational modes (as in LiNbO3) along the various 
crystallographic axes - clockwise or counterclockwise - 
are included in type (2). The resulting possible com- 
binations of this type are compared with the symme- 
tries by Glazer (1972). 

The torsions of deformed octahedra may also occur 
in mainly covalent structures such as NH4IO3. In such 
cases an interpretation may be based on a soft-mode 

behaviour of the R25 mode. However, they are more 
likely to be caused by the tendency of the structure to 
minimize the Gibbs free energy by minimizing the 
molar volume. 

The appearance of ferroelectricity in perovskite-like 
structures is correlated to the critical behaviour of 
soft modes, often leading to distortive phase trans- 
formations as discussed by GrS.nicher & Mfiller (1971). 
Helg (1970) has shown in KIO3 that ferroelectricity is 
also possible in mainly covalent compounds. The soft- 
mode behaviour of these crystals is extremely com- 
plicated (Salje, 1974) and the phase transformation 
cannot be interpreted by a critical slowing down of 
a single mode. Likewise the field-induced trans- 
formations do not merely translate the sublattices 
but reorientate complexes like IOa. Hence ferroelectri- 
city is not restricted to ionic compounds of type (1) but 
may also be found in more or less covalent crystals if 
the BOx complexes already contain a spontaneous 
polarization. 
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