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Abstract-Most of tho bands prodicted by a group theoretical analysis have been observed
in the i.r. and Raman spectrJ of a numbor of ordered, cubic perovskites ,4rBrrBvro6. 'tryith

the help of cartosian symmetry coordinates, and from the wealth of oxperimontal data including
24Mg-20Mg, 40Cq-44Ca and 122Te-130To isotopic frequencies, it appears that the separation
of tho observod vibrations in internal and external modes is a good approximation for tho
high-frequency bands, which aro assignod to tho strotching vibrations of tho BYrOu octahedron.
This approximation is not so satisfactory for tho corresponding bending vibrations, since these
vibrations may bo more or less mixed up with translational, external modes which belong
to the samo symmetry species ( ?1, in i.r.; 7r, in Raman). The behaviour oftho totally slT nmetric
.4r, mode has been invostigated in some detail: its frequency is predominantly determined
by the nature of the hexavalent BYr cation; but it is also irfluenced by the nature of the
bivalonü Brr octahedral cation, acting through its bonding forco and ionic radius, and by the
sizo of tho large A cation, bocause of its influenco on tho Brr-O distance. Abnormal values
olbine As froquency are obsorved when the Brr cation is_rather large: this is qualitatively
explained-by a d.isplacement of the oxygen towards the BYr cation, with or without distortion
of the structure.

fNrnopucrrort

The structure of the ideal, most simple perovskites AB.X' (X : O or F), may be
described as a close cubic packing of -4X, sheets, the octahedral interstices of
which a,re occupied by the sma,Il B cations. The introduction, in the structure,
of 2 cations B and B' differing by their chemical nature and their electrostatic
charge, leads to various derived structules, depending on (1) the number and
distribution of the B and B' cations, end (2) the packing type of lhe AX, sheets.

The type of packing determines the linling mode of the BOu and B'O. octahedra
in the cubic close packing, the octahedra are linked by their apexes, whereas they
are shering faces in the hexagonal close packing [1]. We shall consider here the
compounds comesponding to the cubic close packing. The so-called "hexagonal
perovskites", with a mixed cubic-hexagona,l close packing, will be discussed in a
next paper.

A further discrimination must be introduced within the group of the ordered
perovskites A2F.B'06 characterized by a cubic close packing. The compounds
with the highest crystal symmetry are cubic, space group îm\m. But the intro-
duction, in the crystal lattice, of, either .d cations sma,ller than oxygen (such as

Sr or Ca), or B cations too large for the space a,vailable in the octahedral holes,
Ieads to a distortion of the lattice end a, lowering of the symmetry, which may be

[] L. Krrz, R,. 'Wa.n», Inorg, Chern.8, 205 (f 964).
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rhombohedral, tetragonal, orbhorhombio or even monoclinic. Most of these dis-
torted phases have been investigated by X-ray powder diffractometry; as & conse-
quence, the oxygen positions are not determined with sufficient accuracy, and the
spaoo groups of these phases are generally unknown.

Expnnnnnr.rrer,
Bynthesi,s of the compounds

All the compor:nds have been synthesized by solid state reaction. The stoichio-
metric mixture ofthe necessary oxides and carbonates is heated up to a convenient
temperature (Table l), either in air, or in oxygen. For most of the tungstates and

Table l. Synthesis of the compounds

I.nitial müture:
.4 : Sr, Ba, Pb

Compounds B : Mg, Ni, Co, Cu,Zrr, Cd, Ca, Sr, Ba. Temperaturo Remarks

/2BrrUYrO6 ZACOL f BCOr(or BO) + UO2(C8H3O2) 2. 2E'2O

/.zBrr\ryYros 2ACO8 + BCO8(BO) + WOs

.42BrrMoYrO s LACO| + BCOs(BO) 1 MoO,

.deBrrÎevro6 zAÇOs + BCO3(BO) * TeO,
2PbO

1100oC Ilydrolysis
*AUOa

1200-140OoC Metaetablà
*AWOa

.*500oC + 1000- Metastablà
l3oooo +AMoO4

-'600"Cr l100oC

molybdates, a scheelite phase (such as BaWOn) is first formed, and several grinding
and heating cycles are necessary before a single, homogeneous perovskite phase is
obtained.

On the other hand, §ome compounds are sensitive to water vapour, the hydrol-
ysis process being the most easy with the uranates. The purity of the compounds
has been checked by the combined use of X-ray diffractometry, and vibrational
spectroscopy (i.r. and Raman). Both i.r. and Raman spectra are rather sensitive
to the presence of impurities resulting from either some hydrolysis, or incomplete
reaction. The impurities (e.9. a scheelite phase such as BaWOn) have strong absorp-
tion or diffusion peaks in a fairly high frequency region (950-900 cm-1 for the
scheelite phases) where they are not obscured by the vibrational spectrum ofthe
perovskito phase.

Spectra

The i.r. spectra have been investigated with a Beckman i.r. 12 (down to 200 cm-l)
and a CAMECA SI 36 (200-50 cml) spectrometers. The pressed disc technique
(KI or polythene discs, depending on the speotral region) has been used throughout.
The Raman spectra were obtained with a Coderg PHO double monochromator
equipped with a 60 mW He-Ne laser (Spectra-Physics).

Vrnnerroxer, Tsrony FoB TEr OnDnruo, CuBrc AzBB'Oa Pnnovsrmrs
The ordered A2BB'06 perovskites with the highest symmetry are cubic, space

group Fm3m, s,ith 4 formula units in the non-primitive crystal cell. The atomic
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positions in this crysta,l cell are given in Table 2 and X'ig. f . The primitive Bravais
cell is obtained by a basic translation from the apex to the centre of the faces of
the cube, and conversely: it is rhombohedral with I formula unit in the primitive

Tablo 2. Atomic positions in the cubic crystal cell FmBm

Atom Wyckoff sitos Sito sl,rnmetry Coordinates of equivalont positions

l,*,T; l,*,*
*,t,t

8c
4b
4a

24e

A
B
B,
o

rd
oh
oh
co,

0,0,0
u, O, O; 0, r,0; 0, 0, r; û, O, Og O, fr, 0; 0,0,fr,

tTranslations: 0, $, à; à,0, L; l,*,0

--L
I--v---

ao
OB,
OB

@ at §ae

z

v

tr'ig. 1. Cubic crystal cell of tho ordored ,4.288'06 porovskites (B : bivalent;
B' : hoxavalont cation). Nurnbering of ten noa equiva,lont atoms: A1, A2,8,
B'atoms and six oxygon atoms rrith subscripts 1-6. The cartosiam. coo-rd.in-ates
system is choson so that t}ilo a, g, z axig aro along tho fourfold crystal coll axis.

cell. On the basis of this Bravais oell, the vibrational modes of tho crystel have been
investigated by factor group analysis. This leads, for & : 0, to the irreducible
representation:

It : Ato * E, i Tr, * 2Tz, + STL, + fzu

from which l?r, (acoustic), the ?, and ?r, (both inactive) modes should be sub-
traated. X'inally, 4 Raman active (lAb +lfrs +2Tr) and 4 i.r. active (4Tb)
modes are expected.

The displacements of the atoms have been eveluated on the basis of cartesian
symmetry coordinates (Table 3). These relations give useful information about the
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Table 3, Cartesian symmetry coordinates

I
SAu : G(az- 

nt I gr - gr t za - zs)

I
SEo : 

ffi(Zc, - Zzu * yr - gr ! z" - zs)

:L@r-ga+.zs-zs)
Sf,ze : $(ur- rn * a6 - gzl

:L@r-za*Ys-ga\
: t@s - z6l ru - t")

_l
Sizc : 

7U 
(r.tr - atzl

SI1" :

§f,r":
§fr":
§f,r": {1r, ! a"! rni rsl

sfl*: à@,ræ6)
Tho samo relations givo the coordinetos along tho y and tho z axos respoctively.

factors which determine the vibrational frequencies;

(1) During the vibrations of 1.1, a,\d E q symmetry, all the câtions a,re necessarily
at rest, and there will be no cationic mass effect. Since, in addition, the oxygen
a,toms are moying along the B-O-B' axis, the corresponding frequencies will
be primarily determined by the B-O and. B'-O bonding forces.

(2) Besides the oxygen atoms, the large ,4. cations are â,Ilorved to move during
tlae Tro vibrations. The corresponding frequencies may be more or less influenced
by the mass of ,4, and by the -4-O binding energy.

(3) The situation is more complex for the i.r. active vibrations, since all these
rribrations belong to the sa,me representation Tru, and all atoms are allowed to move.

The problem may be more or less simplified by considering the existence of internal
vibrations of the octahedral B'Ou group, where B' is the cation with the highest
valency (6 + in most of the compounds reported in this paper).

Ixrnlnno Srncrne ÀND AssrcNMENTS.

The i.r. spectra exhibit the 4 bands predicted by the factor group analysis.
The 2 "high-frequency" bands (700-350 cm-1) are generally broad and asymmetric
(except for tellurates) whereas the 2 low-frequency bands are 'weaker and sharper.
Since these 4 modes belong to the same representation Tr, and. since all atoms are
allowed to move during these vibrations, the investigation of isotopic species is
probably the most reliable method to find out the atoms which are preilominantly

I
$(u+- Y^r1

I
d7@tt- z*l

t
V1@a* ;utzl

UB

lBt
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participating to ab vibration of given frequency. ïhe results given by the investi-
gation of isotopic species with r22Te-r30Te, 24Mg-28Mg and 4oCa-44Cù are collected
in Table 4.

Table 4. Isotopic shifts and infrarod bands assignments

fntornal External
Compoud r,.(BYrOe ) 2{(Bvro6) T(BrI) T

BarMgTeOu 2dMg

roMg
122Te

r80To

BerCoTeO. loCo

{{Ca
1!rTo

1B0To

BarCdTaOo 122To

lSoTo

SrrMgToO. zlMg

acMg

BarMgWO. zaMg

zcMg

BarMgUO. zlMB

gcMg

BarCaWOo {oCe

.tCa

678
664

40r
389

660

660
660

410 3r3

305
312

280
29r

166

4r0
4r0

r68
t67

È135
142

-t70t49

(-2)

(3)

(-3)

8

q 0

(6)g

650
680

680
680

312
2Sl

410
402

283
292

tot
202

202
351

340
321

3r4
283

ll

413
38r

381
341

330
338

338

167
Èr40

3

!

402
404

386
413

139
1285

1295
Èr68

662
7t5

ll

g

9

t52
r29

r29
t27

t27

7t5
618

618
604

604
620

620

Assi,gnment of the 2 "hi,gh-frequency" banils

The highest-frequency band (700-600 cm-1) is not sensitive to the mass of the
small bivalent cation (Mg or Ca); on the other hand, the mass effect of tellurium
on this frequency is not clear-cut, since the 122Te-130Te isotopic shifts are small
or very small (0-4 "--'), ând some of them are nearly within the limits of experi-
mental error. It is also well known that the absorption bands related to translations
of the heavy divalent cation (Ba or Sr) are locatod in the low-frequency region,
near or below 200 cm-1. It may be concluded that the highest frequency band is
essentially related to a motion of the oxygen a,nions, with a small contribution of the
hexavalent, octahedral cation. Indeed, the frequency va,lues quoted in Table 4
a,re in good agreement with the antisymmetric stretching frequencies of TeOu,
\MOu . . . "isolated" octahedra, a,nd this high-frequency band may be assigned to an
internal mode, namely the antisymmotric stretch, of the TeOu, \MOu . . . octahedral
group.

The same considerations hold for the second band, in the 400-340 cm-1 region,
which is thus assigned. to the internal, antisymmetric bending mode of the same
octahedral group. There is, however, a very noticeable exception, namely BarMgUOu,
for which this second band is strongly shifted by the 24Mg-26Mg isotopic replacement.

(-2)
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This may be simply explained by the fact that the rather low frequency of the
UOu bending mode (340-300 cm-1 in the other uranates) is of the same order of
magnitude that the frequency corresponüng to the translational motion of the
Iight Mg cation. Since both modes belong to the same representation ?r,, there is
a strong mixing between them. This "mixing" simply implies that the real normal
modes are described by a more complex linear combination of the symmetry co-
ordinates. Thus, it, a,ppea,rs that the separation of the vibrational modes into internal
and external ones is a satisfactory approximation for the highest frequency cor-
responding to the gtlstshing motion of the B'Ou octahedron, but is not necessarily
valid for the corresponding bending mode, since tbis bending mode is more liable
to mix up with external, translational modes. A similar situation has been observed
for the molybdates and germanates spinels, where the mixing of the GeOn bending
mode with a cation translation has also been evidenced with the help of isotopic
shifts [2].

The diffuse and asymmetric shape of these bands has already been mentioned.
This behaviour may tentatively be explained, either by a splitting related to some
deformation of the crystal lattice with respect to the ideal cubic symmetry [B],
or by surface effects.

We do not believe that the observed broadening of the high-frequency bands
is related to a deformation of the crystal lattice, first because there is good combined
evidence from X-ray diffractometry, Raman and i.r. spectroscopy that all com-
pounds reported in Table 5 really belong to the cubic space group X'mBm; and second,
because the investigation of compounds of lower symmetry shows that the high-
frequency i.r. bands are not very sensitive to the deformation; instead, any lowering
of the site sSrmmetry has a marked infl.uence on the Raman active, 7r, bending
mode. Thus, in the vibrational spectrum, any significant departure from the ideal
cubic symmetry would appeâr first in the Raman active 7r, bending mode, which
is not the case for the compounds discussed in this paper.

Thus, there remains the explanation based on surface effects. This problem
has been carefully investigated in some simple perovskites such as I(NiX'a, KMgF,
and SrTiOr [4]. X'or these compounds, there is a large frequency difference between
the corresponding longitudinal optic and transversal optic modes, and thus, in a
powder spectrum, the shape and the position of the "absorption" bands strongly
depend on the size and shape of the particles, and on the refractive index of the
dispersive medium. In conclusion, there is no need to consider any deformation
of the crystal lattice for the compounds under discussion.

Origî,n of the Low frequency band,s

Out of the 2 low frequelcy bands, one (in the 350-200 cm-1 region) is very
sensitive to the mass of the Brr, bivalent octahedral cation (Mg, Ca . . .): this appears
clearly from the isotopic data quoted in Table   (the only exception being BarMgUOu;
this case has already been discussed). The mass influence of the other cations is
small or negligible. This is shown, for the large lrr cation, by the near§ identical

[2] P. Tenre, J. Pnsuouowtæ, Spectrochim. Acta 28A, 69 (1572).
[3] A. F. Consurr, I[. E. Ilonroneap and G. Br,assr, J. Inorg. Nwcl. Chem.84, 3401 (IS72r.
[4] R. Rurrnv a,nd R. Erverr,nrelr, Rep. Prog. Phys.88, f49 (1970).
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Tablo 6. Raman end infrarod froquencios and gonoral assiguments

1777

Intornol modes
oo(À) Ay(rrl Do1t) lrru(ur) Ty(val Tse@sl

Exteroel modos
Tr, ît T,,

BerCeW'O6
(BaSr)CoWO.
BarNiMoO6
BerCoMoOo
BarMgMoO.
BarZnMoO6
BarCdMoOu
BerCaMoO.
SrrMgTeO.
(PbSr)MgTeO.
(Pb1.3Sro.u)MgTeO6
PbrMgTeO"
(BaSr)MgToOo
(Pbr.6Beo.6)MgToOe
(Pblta)MgTeO.
(BaLa)LiToOo

(Be§r)MgWOo
BarNi\{O.
BarCoWO.
BerMgWOo
BarZnWOu
BerCdWO.

BarCdToOu
(BaLa)NaTeO6
BarCaToO6
I

BarNiUOt
BarCoUO6
BarMgUOo
BarZnüO,

N5t4

*477

-6801-473670

5651-470
æ470

446
434

o
441
431
405
413
tL23

c
o

438
428
401
407
431

366/4re
382/-391

359
420

364/-396
3B4l4O7

428
414
386
430
402

160 128
148 128
144 c
I49 t26
137 124
r20 106
t27 106
137 106/-r00
158 o
162 o
164 t27
eh 124
t20 t06
I34 1041

æ168 r40
160/-125 5r/r3r

148 54/sh
t27 60
170 r04i r3I
150 62

163l-146 451t26
l7l r23
166 r32
t29 ltl

æ166 lf 4

-140 r09

t29
t20
r29
t24

8.000
8'oos(5)
8'ogs(5)
8.09e
8'l lc(6)
8.340
8.400
8.295
8'04s(e)
8'080(e)
8.080
8.096
8.330
8.376
7.906
7.956
7.986
7.995
7.996
8.031
8.07r
8.041
8.llo
8.336
8.27 o
8.395

8'334( ?)

8'370(7)
8'370(?)
8.39s(?'

847
816
800
813
822
845
838
828

c
o

779
785
808
802
782
775
766
761
768
763
742
716
724
745
7r6
748

-360234
00a

32r
208
186
291
29r
260
240
330
228
208
302
351
337
335
315
338
320
?20
350
313
204

æ272
29t

666 380
610 382
609 367
618 381
606 357
620 340
620 338
614 343
690 395
590 376
605 387
694 386
615 350
603 360
7t5 413
700 402
693 396
685 373
695 4r0
675 395
666 409
675 4t7
650 410
667 392
677 4I0
680 402

BarMgToO.
66r

608

143
c
753
762

595
680
604
600

3r5
305
341
3r0

220
283
l9l

o
c

108
107

350
o

352
348

§h: shouldor
c: colorod comPounds
r: BerNiTeO. as well as ôhe Co, Cu, Zn compounds aro hexegonal porovskites.

frequencies of PbrMgTeOu and BarMgTeOu (315 and 313 cm-1 respectively). arrd
this is suggested, for the octahedral BYI cation, by the lack of a significant 122Te-

13oTe isotopic shift, and also by the fact that the frequencies for the corresponding
molybdates and tungstates ere not very different. It will be noticed, however,
that the frequencies of the molybdates âre slightly, but systematically higher than
those of the corresponding tungstates.

Since the restoring force is generally slightly smaller for Mo-O than for IM-O
bonds, this effect suggests a small mass influence of the hexavalent cation. It may
be concluded that the frequency under discussion is predomila,ntly (but not uniquely)
determined by a translation of the bivalent, octahedral Brr cation, with of course

some compensating motion of the oxygen anions, as represented in Fig. 2.

X'inally, the situation is considerably more complicated for the lowest, frequency
band. No conclusion can be deduced from the isotopic data, sincethe observed shifts
ere too smalt (with respect to the broadness of the bands) to be significant. Further-
more, no general trend may be evidenced from the numerous da,ta, quoted in Table 5,

J. Fnnsre, L. I(lrz, R. 'Weao, J . Arn. Chem. Soc. 81' 4783 (1959).

II. Bnrxrvon, J, Phys.Chem.64, 165 (f960).
'W'. Sr.nresr, R. Weno, Inorg. Chem. 1, 790 (1962).

t6l E.
t6l L.
[7] A.
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Fig. 2. Normal coordinate Qf,u alongz axis. Qfr" : t(zà - u(zt I zz I za * zsl

and tentative interpretations deduced from the consideration of a, given pair of
compounds may be in contradiction with the beharriour of some other compounds.
Without going into much details, we just quote here a few examples of these diffi-
culties:

(1) The observed frequencies are, in most cases at,least, slightly but significantly
lower for the tungstates than for the corresponding molybdates, and this would
suggest at least a small displacement of the hexavalent, cation. However, tho
frequency is the same (120 cm-1) for the cadmium compounds BarCdWOu and
BarCdMoOu; and, in addition, the frequencies are slightly higher for the tellurates
than for the corresponding molybdates.

(2) A significant displacement of the large A cation is strongly suggested bythe
frequency values observed for BarMgTeO. and PbrMgTeOu (166 and L27 cm-t
respectively), and also by the 2-modes behaviour observed for (Pb, Sr) MgTeOu
and (Pb, Ba) MgTeO. solid solutions. But here again, this is not supported by the
nearly equal frequency values given by SrrMgTeOu and BarMgTeOu (f68 and
166 cm-1 respectively).

From these apparently contradictory results, it may be tentatively concluded
that this lowest-frequency mode is related to some complex translations of the
different cations, whose relative amplitudes are different from a compound to
another. No experimental information is available about the displacements of the
oxygen atoms: this would require the investigation of 18O compounds.

RauLlv Dere ENo AssreNmnxrs

G ener al eanst d, er at i o ns

Since the 4 Raman active modes are distributed into 3 different symmetry
classes, polarization data on monocrystals should give an unequivocal basis for
their assignment. Nevertheless, in the actual case of powder data, the consideration



vibrational studies of molybdates, tungstates and related compounds-rll l77g

of the cartesian symmetry coordinates (Tabte 3) and of the relative bonding forces

gives useful information about the origin of the bands.
During tlne Arovibration, all the cations are at rest, and the oxygen displacements

(Table 3) may be represented as in Fig. 3: this is clearly the totally symmetric
stretch of the B-O. octahedron in the internal modes approximation. This ap-
proximation is justified by the i.r. results (see above) and by the fact that the
BYr-O bond is by far the strongest bond in the crystal. This type of vibration
should give a strong Raman peak at a relatively high frequency: it, is thus assigned

to the strong peak which appears consistently in all Raman spectra in the 850-700 cm-1
region (Table 5). Quite similar considerations may be applied to the Eo mode,
which appears as the antisymmetric (with respect, to the ternary C, axis of the
octahedron) stretch of the B"Ou octahedron'

The situation is more complicated for the 2 T r, modes since, in addition to the
oxygen anions, the heav-y ,4" cations are also allowed to move. However, it can

be expected that the corresponding frequencies should be lower than those related
to the Ar, and -8, modes.

Behaaiour of the Ar, m,oile

The Ar, mode always a,ppeers as a strong peak in the 850-700cm-1 region; it
is not sharp, and generally asymmetric. It has already been pointed_ out that
this mode 

"ôo""porrâ. 
to a displacement of the oxygen atoms along the Brr-O-BYr

axis. Thus, itJ frequency should be primarily determined by the Bvr-O and
BII-O distances *trd bot dirrg forces, and thus by the chemical nature of the Bu
and Brr octahedral cations.

Now, as far as the distances are concerned, 2 points should. be kept in mind:

(1) The existing data on the position parameter r of the oxygen are rather
scarce, and it is impossible to investigate separately the influence of the BVI-O
and. Brr-O distances on the vibrational frequencies. Instead, we have considered.

the influence of the cell parameter ao as a measure of the total Bvr-O-Brr
distance.

(2) Although the large A cation does not participate by itself to the -/.r, mode,

its influence on the distances cannot be neglected. When the position of the oxygen
has been determined with sufficient accuracy, it, is found that, besides its influence
on the cell parameter a,o, the size of the A ca!,ion also have a specific infuence on
the BII-O distance, but not on the BYI-O distance. This clearly appears in the
data quoted for BarNiWOu and SrrNiWOu in Table 6. fhis is not unelpected,
since ihe oxygen atôm is more tightly bonded to the BE than to the BrI cation,
and any change in the bond üstances is likely to be essentially localized on the
weakest bonds. This leads us to consider first the influence of the nature ofthe
-4 cation on the ^4r, frequency.

Influence oJ the noture of the large A cat'i,on

This influence cannot be investigated with the tungstates, the molybdates
and the urana,tes, since these cubic perovskites are essentially restricted to the
Ba compounds; but the tellurates ,4rMgTeOu, where A may be Sr, Pb or Ba, are
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Tablo 6, Data on tho positions of the oxygon atoms

Unit coll
parameter

Compound ,1{,
Oxygen position

æ

dietance B'-O distanco B-O
dr d2
(À) (Â)

Differenco
between

ionic radii
(B-B')tt4)

Ar
(Â)

BarNiWOu
SrrNiW'Ou
BarCoWO.
BarBa'WO.
BarBaMoO.
BSrrSrMoOu
CsrNaYFu
CsrI(YFu
CsrRbYFu

8.086 0.240 [e] 1.935
l'925
r.93
I .81

r.8l
1.81
2.27
2.125
2.12

2.10
2.02 Fol
2.12
2.50
2.49
2.3r
2.17
2.60
2.696

F0l
0.10
0.10
0.r3
0.76
0.76
0.56
0'r3
0'49
0.60

8.098
8.630
8.600
8.240
9.075
9.445
9.625

0.238 [e]
0.210 ull
0.210 [lr]
0.220 [rr]
0.250 [12]
0.226 ltzl
0.220 lLzl

quite convenient. '\{'e can noïr bring together the following points (Table 5 and
Fig. a):

(t) The relationship between the Ar, frequency and the cell para,meter ao is
nearly linear. There is no anomaly related to the presence of the Pb cation (as it
is the c€ùse in the scheelites [8]) and it mey be inferred that there is no specific
influenoe ofthe chemical nature (in fact, ofthe electronic structure) ofthe 24. cation.

(2) The infuenco of the ,4 cation may thus be considered as being restricted
to an overall effect of interatomic distances and cell parameter ao.

Fig. 3. Symmotry ooordinato §/r, : tlt/A p, - îs * ÿE - ÿr * ze - zsl.

[8] M. Lrroæors-Durcre'rnrs and P. Tenrr, Spteotrochim. Acta 28A,2037 (1972).
[9] D. E. Cox, G. Smnexr and B. C. Fnezun, J. Appl. Phgs.88, f459 (f962).

[0] P. Kôm., IJ. Mtjrr,un and D. Rnnvrr, Z. Anorg. Allg. Ch,em.8g2, 124 (L572).
U ll R,. Slrrerron, M. Werxr,n, J. P. Bnssn and G. Beuo, C. R. Acail. Sc. Paris 27L,868 ( lg70)
[12] A. Vror,rrru, J. P. Bæssr, G. Beuo and M. Cerusrerv, Reu. Chim. Min.7t 698 (1970).
U3l D. Rrrrver.r, Theoret,Ckim. Acta (Berl.) 5, 312 (1966).

[4] B,. D. Ss.urNoN and C. T. Pnnwrrr, ActaCrgst.B2S 526 (f969).
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Tungstates r (cubic) E pseudocubic
Molybdates O (cubic) Opseudocubic

IJranatesV (cubic) ÿ pseudocubic
TelluratosÀ (cubic) A pseudocubic

(3) The preceding point may be precised by considering the fact that, during
the Aro vibration, the oxygen is moving along the BYr-O-Brr line (whereas the
B cations are at rest).
By combining points (1), (2) and (3), we find that the vibrational frequency is
proportional to the BYr-o and Brr-o bonding energy and may be expressed, in
a simplified way, by a relation of the t5rpe:

ÿAro I D'lD, (r)

where Erand. Erare the BYI-O and Brr-O bonding energies.
Taking into consideration the variation of the Brr-O distance with the size

of the A calion (see above), it may be finally concluded that the frequency variation
under discussion is essentially related to the variation of the Brr-O distance when
the size of the A cation is modified.

Infl.uence of the nature of the heæaual,ent, octahed,ral BYr cati,on

rt is evident (Table 7) that, for a given Brr cation but different Bvr cations,
there is no relationship between the,4r, frequency and the cell parameter ao:
for similar or equal values of ao, the -4r, frequencies âre lower for molybdates than
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Table 7. ,4r, modo froquencies

Brr[@o(Â)]
Cornpound Ni Mg Zn Cd Ca

BarBToOu
BarBUO.
BarBMoOu
BarBWOu

I{ex : hoxagonal perovskito
d : distorted phaso
c : coloured compound

for tungstates, and still much lower for the corresponding tellurates. Thus, the
frequenày of the -4.rr mode is primarily determined by the chemical nature of the
hexàvalent Bvr cation, the bonding energy E, in Equation (f ) following the sequence

W-O > Mo-O > U-O > Te-O. The peculiar behaviour of the Te-O bonds

also appears in other physical properties such as the electronic spectra,[,13] and this

-uy Èà correlated with the d10 electronic confi-g_uration_-,of the TeYr cation, in
contrast with the d0 configuration of 'W'r, MovI or UvI ca,tion§. Since the d
orbitals are fully occupied, a d10 confrguration is energetically unfavourable to the
formation of rr bonding between the cation and the oxygen; on the contrary, the
do configuration of the other hexavalent, cations (W', Mo, U) allows the overlap

of the ür, orbitals of the metal and of the ligand orbitals, with as a, consequence

a strong ,.-tyle polarization, and an increase of the BYI-O bonding energy. This
explains the large difference between tthe Aro frequencies of the corresponding

tungstates and tellurates.

Infl,uence of the nature of the biualent, octahed,ral cation BÏr

After Equation (l), tlte Aro frequency is necessarily influenced by the nature of
the bivalent, BrI cation, and this is indeed the case (Fig.   and Table 7). But since

Er4 Er, this influence is small as compared with that of the hexavalent, BYr

"utiorr. 
This problem cannot be handled quantitatively, owing to the lack of in-

formation abàut the Brr-O and BYr-O distances and bonding forces. Never-
theless, some specific points may be discussed'

(1) Let us first consider 2 tellurates, namely (Pbr,rBaou)MgTeO6 and BaLaLiTeOu,

which have been chosen as having the same value of the cell parameter ao (so as

to eliminate any spurious effect due to significant differences in the oo values).

The Aro frequency-is 753 cm-1 for the former, and 716 cm-1 for the latter: this
frequenôy shift probably reflects the lowering of the E, bonüng energy in Equation
(f ) ihen-passing from the divalent Mg to the monovalent Li cation, and also shows

that the àontribution of. Erto the total restoring force is small, although not neg-

ligible, with respect lo Er. If the .82 bonding energy was negligibly small,.-the

,4"r, mode couldieally be àescribed as the totally symmetric stretch of the Bu'Ou

o"tïh"dror, and this description will remain a satisfactory approximation-_as-__far

as E1 y E r. Theactual results show that, this condition is fulfilled for the /2BrrBYrO6

"o-pout 
dr investigated here, owing to the large valency difference bet'ween the

2 ociahedral B cations. But this description of the .4r, mode could not be extended

IIex
743 (8.33)

c
816 (8.07)

724 (8.t1)
753 (8.38)
779 (8.08)
813 (8.I0)

IIex
762 (8.39)
785 (8.09)
822 (8.t2)

745 (8.34)
d

808 (8.33)
845 (8.34)

748 (8.40)
d

802 (8.38)
838 (8.40)



Vibrational sùudies of molybdates, tungstatos and related compounds-Ill 1783

without much care to complex perovskites of the type BarBurBYO' (such as
BarYI{bOu), where the valency difference between the octahedral cations is not
large: in this case, the contribution from D, to the overall restoring force is far
from being small, and the description of the Aro mode as a vibration of the NbOu
octahedron could only be considered as a very rough approximation.

(2) A useful comparison is also given by the tungstates BarNiWOu and
BarCoWOu, since there are among the very few compounds for which the oxygen
position has been accurately determined [9]. X'or these compounds, the cell param-
eters ao are slightly different, but the W-O distances are the same (Table 6),
thus eliminating the influence of one of the factors which determine the Arofrequency:
thus, the frequency difference (16 cm-l) is really reflecting the specif.c influence
of the bivalent cation. Here again, the frequency difference is small, thus supporting
the approximation that the observed frequency is predominantly determined
by the'WOu octahedron.

(3) Finally, it should be remembered that, besides moderately small cations
such as Mg, Co, Zn, . .. (whose ionic radius is similar to that of the hexavalent
cation), the octahedral sites may also accommodate other bivalent cations such as
Cd, Ca, Sr, Ba whose ionic radius is signif.cantly or even considerably larger than
the ionic radius of the hexavalent cation. For these compounds, the frequency
values of the,4r, mode appear to be systematically higher than the values expected
from the relationship between the Aro frequency and the cell parameter ao (e.g.
the Ar, frequencies are much higher for the Cd compounds than for their Mg
homologs, despite the larger value of the cell parameter-see Table 5). This may be
qualitatively explained by the fact that the introduction of too large a bivalent
cation on the octahedral site brings out a compression of the adjacent octahedral
group, and thus a shortening of the hexavalent, cation-oxygen distance, with as
a consequence an increase of the vibrational frequency. Such a shortening has
been observed for a few Ba compounds (Table 6.).

ff, however, this shortening was the only factor to be considered, this would
lead to higher and higher -4r, frequencies in the series of the Cd, Ca, Sr and Ba
compounds, a prediction which is not verified by the experimental results. It
appears that large cations such as Sr and Ba can be accommodated in the octahedral
holes only by pushing the oxygen outside the Bvr-O-Brr line. This bending
of the BYr-O-Brr bond implies a decrease of the overall restoring force and
thus of the vibrational frequeney.

It may be concluded that, for the perovskites under consideration, tlne Aro
frequency is essentially determined by the nature of the Bvr hexavalent cation,
this mode being satisfactorily described as the totally symmetric stretch of the
Bt'Ou octahedron. There is, in addition, a significant infl.uence of the Brr bivalent
octahedral cation, acting through its own bonding force and ionic radius, and a
secondary, but not negligible, influence of the large cation.

E o mod,e

Here again, all the cations are necessarily at rest, the oxygen atoms are moving
along the Bvr-O-Brr line (X'ig. 5.), and the frequency values should be determined
by the BYr-O and Brr-O bonding forces and distances. This vibration could
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Fig.5. Symmetrycoordinate SE, : U2\/3 (Zzs - 22, * yE - !1 I r, - ær).

approximately be described as the ,,2 mode of the free Bvrou octahedral group.
Unfortunately, the corresponding band is missing in most spectra, and, it is thus
impossible to discuss the essential factors which determine its frequency. Neverthe-
less, one point should be mentioned, namely the splitting of this mode for some

tellurate solid solutions (Table 5). The true origin of this splitting is still obscure.

Tro moiles

These 2 modes are characterized by the allowed translation of the large A cation
(Sr, Pb, Ba). fndeed, such a translation seems to be one of the determining factors
for the lowest-lying frequency, in the 150-50 cm-1 region. For a series of compounds
corresponding to the same A eation (Ba), the frequency values are essentially
related to the cell paramelet as, irrespective of the chemical nature of the Bvr
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Fig, 7. Normal coordiaato QTzo along z axis QTze : D(zAr - zlt).
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and Brr cations. But if rve now consider the Pb compounds, we find a very large
decrease of the frequency which can be explained only by a, mass effect of lhe A
cation (Fig. 6). Such a motion is represented in Fig. 7.

This mass effect is considerably reduced for the remaining Tr, mode observed
in the 450-350 cm-l region. Moreover, for a given ,4 cation, this frequency is
not simply related to the cell parameter a'o, but is also influenced by the nature
of the BYr and of the Brr cations (X'ig. 8). As a first (and fairly rough) approxima-
tion, this mode may be described as the symmetric bend of the BvrOu group (ru
of a free octahedron), combined with a non-negligible translation of the A calion
(rig. e).
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