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On the Structures of some Compounds of the Perovskite Type

By Harry L. YAKEL, JR.
Oak Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A.

(Recetved 10 November 1954 and in revised form 11 January 1955)

X.-ray powder diffraction patterns of & number of compounds and solid solutions of the type ABO,,
where B is a transition metal element, have been recorded and interpreted. These substances all
have perovskite-like structures, with characteristic lattice distortions and multiple unit cells which
are a result of partial covalent bonding. Variations of structures with differing conditions of prepara-
tion are noted for LaMnQOg; and CaMnOj;, where the results of chemical analyses show that these
variations accompany departures from stoichiometric composition. Solid solutions of LaMnOg and
CaMnOj, obey Vegard’s rule, a decrease in unit cell volume being produced by the substitution of
Ca*? and Mn** ions in the LaMnOjy structure. An unusual increase in unit cell volume is, however,
observed when Srt? and Co** ions are substituted in the LaCoQjg structure.

Introduction

Current crystallographic interest in compounds of the
type ABOQO;, which have structures closely related to
the so-called perovskite structure, stems from the un-
usual physical properties of these substances (Megaw,
1952, 1954). While a complete description of the small
atomic displacements responsible for the pseudo-
symmetric structures so often found in such com-
pounds seems to require single-crystal diffraction data
(Evans, 1951; Vousden, 19515, 1954), much useful
information can be derived from the unit-cell dimen-
sions and apparent lattice symmetries observed in
powder diffraction experiments (Vousden, 1951a).

It is the purpose of this paper to describe and discuss
the X-ray powder diffraction data obtained for a group
of compounds of the perovskite type whose neutron
diffraction patterns at liquid bhelium temperatures
indicate the presence of several interesting ferro-
magnetic and antiferromagnetic structures (Jonker &
van Santen, 1950; Wollan & Koehler, to be published).
All of the X-ray experiments were performed at room
temperatures, but it was hoped that they would pro-
vide some clues to the behavior of the compounds at
low temperatures.

Experimental
The compounds included in the present investigation

were* LaMnO,, CaMnO,, LaCoO;, SrCoQ,;, LaFeO,,
SrFeQ,, LaCrO; and LaVO,. Some solid solutions of
the type (La,/Ca,_,)MnO,, (La,Sr,_,)CoOs,, etc., were
also studied. Pure compounds and solid solutions were
prepared from stoichiometric amounts of the appro-
priate oxides, hydroxides, or carbonates by firing at
temperatures in excess of 1000°C. in atmospheres
ranging from pure oxygen to 99% N,-19% O, for
periods of 2-25 hr. The samples were quenched from

* These are nominal, not necessarily actual, formulae.

firing temperatures to room temperature. Chemical
analyses for tetrapositive transition metal ions were
made as a check on the purity of the compound pre-
parations and on the accuracy of the nominal solid-
solution compositions.* As an example of the effects
of varying temperatures and atmospheres on the
resultant preparations, it was found that LaMnO,
samples prepared at temperatures of 1100-1400° C.
in air or nitrogen atmospheres, with long firing periods,
contain about 8-109%, of the manganese as Mn+4, while
samples of the same substance prepared at 1000° C.
in pure oxygen, with short firing times, contain as
much as 35% Mnt4. The ease with which such varia-
tions from ideal composition can be introduced into
compounds having perovskite-like structures has fre-
quently been noted (Wells, 1945).

Attempts to prepare sizable single crystals of these
compounds were not successful, so that powder dif-
fraction techniques alone could be used. A 57-3 mm.
radius Debye—Scherrer camera of standard design was
employed for photographic measurements and a
Norelco high-angle X-ray goniometer was used in

¥ The analyses for tetrapositive transition metal ions were
carried out in two steps. The first involved a determination of
the total oxidizing power of the sample, and the second a
determination of the total transition metal concentration.
Together these results gave values for the tri- and tetrapositive
ion content which are probably accurate to T5%.

As an example, in an analysis for Mnt3 and Mn*H4, part of
the sample was dissolved in a known excess of standard
ferrous sulfate solution. The excess Fet? was then titrated
with standard potassium permanganate solution and the
number of milliequivalents of iron oxidized by Mn+*3 and Mnt4
was obtained by the difference between the total milli-
equivalents of Fet? added and the milliequivalents of excess
iron determined by titration. The remainder of the sample was
analyzed for total manganese by dissolution in nitric acid and
hydrogen peroxide, followed by oxidation of the manganese
to permanganate by sodium bismuthate. A known volume of
standard ferrous sulfate solution was added to the permanga-
nate and the excess Fet2 was titrated with standard potassium
permanganate solution. The analyses for cobalt, iron and
chromium were performed by similar methods.
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spectrometer work. Radiations appropriate for the
substance studied were used throughout.

Results

The diffraction patterns of all the compounds and solid
solutions enumerated above are closely related to the
patterns which would be expected from simple perov-
skite structures (Goldschmidt, 1926a, b). Differences
between the ideal and observed patterns are the split
reflections and superlattice reflections shown in the
latter, which imply distortions of the lattice from cubic
symmetry and an ordering of the atomic displacements
and/or of the defects responsible for these distortions.

As shown by Megaw (1946a), the number and in-
tensity of the diffraction lines into which a given cubic
perovskite reflection is split by distortion of the unit
cube are quite different depending on the nature of the
distortion. Thus, except in cases where the splitting
is so very slight as to make the separate reflections all
but indistinguishable, the assignment of probable lat-
tice symmetry and the indexing of the pattern is not
difficult. The measured unit-cell parameters and lattice
symmetries of the compounds and solid solutions
studied are presented in Table 1. Wherever possible,
the results of chemical analyses for tetrapositive
transition metal ions are listed. Some of the com-
pounds included in the present investigation have been
examined previously, and in these cases results of the
earlier investigations are also given.

It must be remembered that, since the materials
studied were available only as powders, the diffraction
patterns obtained therefrom may indicate a higher
lattice symmetry than the true one.

Tonic radii

In the analysis of the results listed in Table 1, it is
convenient to introduce ionic radii, which, while often

1-00
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r(R)
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0-25

1 2 3 4 5
Z
Fig. 1. Ionic radii of transition metal ions of the third row as

a function of their nuclear charge, 2. Circles: empirical radii;
triangles: interpolated radii.
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representing a rather artificial concept, are never-
theless useful relative reference points for the dis-
cussion. For the non-transition metal ions, the crystal
radii given by Pauling (1945, p. 346) are used. When
available, empirical crystal radii of the transition
metal ions have been assumed (Pauling, 1945, p. 350).
In the case of the Mnt* jon, Goldschmidt’s (1926a, b)
value for the radius has been used, while for ions such
as Crt4, Fet4, Cot3 and Co+4, for which radii have not
been given, an attempt has been made to interpolate
a set of values which will be consistent with the
empirical radii of other ions of the transition group.
The curves used in this interpolation are shown in
Fig. 1. A list of the radii to be employed in the fol-
lowing section is given in Table 2.

Table 2. Ionic radic

Ion Radius (A) Ton Radius (A)
02 1-40 Crt4 0-56
Cat? 1-08* Mnt3 0-62
Srt2 1-22* MnH4 0-52
Lats 1-22* Fet3 0-60
Vs 0-66 Fetd 0-50
% 0-61 Cot3 0-58
Crt3 0-64 Cott 048

* Corrected for change from 6-fold to 12-fold coordination
(Pauling, 1945, p. 368).

Discussion

The ideal perovskite structure for compounds of the
type ABO; may be described as cubic, with 12-fold
coordinated 4 ions at the corners, 6-fold coordinated
B ions at the body centers, and 6-fold coordinated
O ions at the face centers of the unit cubes. In the series
of structures reported here, the transition metal ions
correspond to the octahedrally coordinated B ions.

Since the departures from cubic symmetry exhibited
by the compound included in Table 1 are, in general,
small, reasonable average values for interionic dis-
tances can be calculated from the equations

T0o-B = iV*, (l)
To—4 = To—o = })/2. V4, 2)

where V is the volume of the unit cell. Table 3 presents
these distances together with the radius sums cal-
culated from Table 2, and the differences, J, between
theoretical and observed distances. Tolerance factors,
t, which are a measure of the degree of misfit of the
structure, can be defined by the equation

(Ro+R,4) = V2.t(Ro+Ry) (3)

where Rg, R, and Ry are theoretical ionic radii
(Goldschmidt, 1926a, b). Values of this factor are also
given in Table 3.

The negative § values of Table 3 indicate compara-
tively small interionic distances between oxygen ions
and between oxygen and transition metal ions. These
negative &’s probably reflect partial covalent bond
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Table 3
Compound (O-B)obs. (A) Ro+Rp (A) d; (A) (0-4)obs. (A) Ro+R4 () 8, (A) ¢
LavO, 1-96 2-06 —0-10 2-77 262 +0-15 0-90
Srvo, — 2-01 — — 2-62 — 0-92
LaCrO, 1-94 2-04 —0-10 2-74 262 +0-12 0-91
SrCrO, — 1-96 — — 2-62 — 0-95
LaMnO, 1-98 2-02 —0-04 2-79 2:62 +0-17 0-92
CaMnO, 1-87 1-92 —0-05 2-64 2-48 +0-16 0-92
LaFeO, 1-96 2-00 —0-04 2.78 262 +0-16 0-93
SrFeO, 1:94 1-90 +0-04 2-74 262 +0-12 0-98
LaCoO, 1-91 1-98 —0-07 2-71 2-62 +0-09 0-94
SrCo0, 1-93 1-88 +0-05 2-73 2-62 +0-11 0-98

9
%,

character (Vousden, 1951a), but any quantitative con-
clusions are precluded by the uncertainties in the
ionic radii. The small positive values of §, obtained for
SrFeO, and SrCoO; may also be due to inaccurate
radii, or to the non-stoichiometric composition of these
substances. This latter effect should be especially im-
portant for the cobalt compound where the analytical
data for Table 1 suggests that the structure actually
contains trivalent cobalt ions and random defects ar-
ranged on a perovskite lattice. The nature of these
defects may be either (@) anion holes, giving a com-
position SrCoO,;, (b) interstitial cations, giving a com-
position Sr; ;Co0;, or (¢) anion holes and a disordered
array of Sr*2 and Co*3 ions occupying the B-ion sites.
A composition corresponding to this latter defect
would be Sr(CoggSry.5)0;.4. The fact that the lattice
parameter for the strontium-cobalt oxide is signifi-
cantly larger than the average parameter of LaCoQO;,
together with the nearly equal sizes of the La*® and
and Sr*2 ion, seems to favor possibility (b) or (c), but
the increased partial covalent bonding in the lantha-
num compound may more than account for the ob-
served differences. Since interstitial cations are not
likely in the perovskite lattice and there is little prece-
dent for a defect of the (c) type, the situation is un-
resolved.

Megaw (1946b) has found that the different possible
distortions of perovskite structures from cubic sym-
metry occur for separate ranges of values of the
tolerance factor. Thus, with Goldschmidt’s (1926a, b)
ionic radii, 0-8 < ¢ < 0-9 should lead to orthorhombic
(monoclinic) structures, whereas 0-9 < ¢t < 0-97 should
lead to cubic symmetry and 0-97 < ¢ < 1-02 to tetrag-
onal symmetry. It is seen that the tolerance factors
for the compounds listed in Table 3, while not directly
comparable to Megaw’s owing to the use of Pauling’s
radii, cannot be grouped in any such consistent se-
quence. It would seem, therefore, that factors other
than relative radii, such as the degree of covalent
character in the bonds between the transition metal
atom and the surrounding oxygen atoms (Megaw,
1947), may play an important role in determining the
atomic displacements and, through them, the lattice
symmetry. ,

The possibility of partial covalent bonding, indicated

(O-B)obs.— (Bo+ EB)
(O~A4)obs.—(Ro+ R 4)

by small interatomic distances and by the lattice dis-
tortions, gives some explanation of the ferromagnetic
and antiferromagnetic properties observed in these
compounds at low temperatures. Indeed, a magnetic
coupling between the transition metal atoms would be
difficult to explain if the bonds between these atoms
and the intervening oxygen atoms did not have
considerable covalent character. A more detailed
description of the application of the crystallographic
results to the magnetic observations at low tempera-
tures will appear shortly (Wollan & Koehler, to be
published).

The doubled perovskite unit cell edges so frequently
recorded in Table 1 suggest puckered structures, with
antiparallel atomic displacements, as found by Vous-
den (19516) in NaNbO,. These structures are therefore
not likely to be ferroelectric unless a metastable ferro-
electric structure can be induced by an applied field
(Megaw, 1952).

Of the solid solution systems studied, the
(La,Sr,_,)Co0, system, at low Co*4 ion concentrations
presents the interesting example of a lattice which
expands on the substitution of supposedly smaller
Cot** jons for Cot® ions apd Sr*2 ions for La*3 ions,
the latter pair being of about the same size. A possible
explanation for this effect may lie in the fact that the
percentage charge decrease at the 4-ion sites is greater
in magnitude than the percentage charge increase at
the B-ion sites. This might lead to a net decrease in
the partial covalent character of the bonds involving
oxygen ions and so to the observed lattice expansion.

On the other hand, the (La,Ca,_,)MnO,; system
shows a continuous linear decrease of lattice volume
with increasing Mn+* content (see Fig. 2).* The con-
traction is in qualitative agreement with the expected
decrease in transition-metal ion size, but does not re-
flect the net decrease in covalent bond character
accompanying the substitution of Cat? ions for Lat3
ions. This is presumably due to the significantly
smaller size of the Cat? ion, in comparison with the
La*3 ion, which offsets any expansion of the structure.

* For effect of the size of the 4 ion on this solubility,
compare this result with those reported for the LaMnOjz—
SrMnO; system by Harwood (1954).
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As shown in Fig. 2, the unit-cell volumes of calcium
manganate (IV) samples containing differing amounts
of Mn* (71-989%,, depending on the method of prepa-
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Fig. 2. Unit-cell volume as & function of Mn* concentration
for the solid solution system (LaMnOg-CaMnOg) (solid cir-
cles). Open circles represent calcium manganate (IV) sam-
ples and triangles represent lenthanum menganate (IIT)
samples prepared under different experimental conditions.

ration) do not vary significantly. Substitution of
trivalent ions for some tetravalent manganese ions
should lead to an expansion of the ideal CaMnO,
lattice, but charge equality demands that this sub-
stitution be accompanied by the introduction of either
interstitial cations or anion vacancies. In order to
explain the observed results, the vacancy model must
be adopted, since this would lead to a lattice shrinkage
which would compensate for the aforementioned ex-
pansion.

On the other hand, substitution of Mn+4 ions for
some Mn*3 jons in the ideal LaMnO; structure should
lead to lattice shrinkage due to the smaller size of the
tetravalent ion, and to either interstitial anions or
cation vacancies. Again a vacancy model must be
adopted to explain the observations. However, in this
case the lattice vacancies do not seem to contribute
significantly to the shrinkage, as is shown by the fact
that the cell volumes for LaMnO, defect structures
follow the same straight line as the solid solutions of
CaMnO; in LaMnO; where, of course, no defects
should occur.

The above deductions are somewhat idealized in
that the observed distortions from the ideal perovskite
structure are ignored. Presumably the atomic dis-

ON THE STRUCTURES OF SOME COMPOUNDS OF THE PEROVSKITE TYPE

placements responsible for the distortions are not large
enough to affect the situation significantly.

It is difficult to assess the importance of the dif-
ferences between the results of the present investiga-
tion and those previous results included in Table 1.
In most cases, these differences depend on weak re-
flections, indicative of multiple cells which might be
overlooked on weaker diffraction photographs. In one
or two cases, however, split reflections due to pre-
viously unreported lattice distortions have been found.
A possible explanation of this effect may lie in the
wide variability of structure characteristic of these
substances when prepared under different conditions.

The author wishes to thank Dr E. O. Wollan and
Dr W. C. Koehler for their encouragement and many
helpful discussions in connection with this work.
Thanks are also due to Mr D. E. LaValle, who prepared
many of the samples studied, Mr A. D. Horton, who
performed the chemical analyses of the samples, and
Mr R. M. Steele, whose assistance in recording the
X-ray data was most helpful.
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