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On the Structures  of some  Compounds  of the Perovskite  Type 
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X - r a y  p o w d e r  d i f f r ac t ion  p a t t e r n s  of a n u m b e r  of c o m p o u n d s  a n d  solid solut ions  of t h e  t y p e  A B 0 3 ,  
w h e r e  B is a t r a n s i t i o n  m e t a l  e l emen t ,  h a v e  b e e n  r e c o r d e d  a n d  i n t e r p r e t e d .  These  subs t ances  all 
h a v e  perovsk i te - l ike  s t ruc tu re s ,  w i t h  cha rac t e r i s t i c  l a t t i ce  d i s to r t ions  a n d  m u l t i p l e  u n i t  cells w h i c h  
a re  a r e s u l t  of pa r t i a l  cova l en t  bonding .  Var i a t ions  of s t r u c t u r e s  w i t h  d i f fe r ing  condi t ions  of p r epa ra -  
t i on  a re  n o t e d  for  L a M n O  a a n d  CaMn08,  w h e r e  t h e  resu l t s  of chemica l  ana lyses  show t h a t  t hese  
va r i a t i ons  a c c o m p a n y  d e p a r t u r e s  f r o m  s to ich iomet r i c  compos i t ion .  Solid so lu t ions  of LaMnO8 a n d  
CaMnO a o b e y  V e g a r d ' s  rule ,  a dec rease  in u n i t  cell v o l u m e  be ing  p r o d u c e d  b y  t h e  s u b s t i t u t i o n  of 
Ca +'. a n d  Mn +4 ions in t h e  L a M n O  3 s t r u c t u r e .  A n  u n u s u a l  increase  in  u n i t  cell v o l u m e  is, howeve r ,  
obse rved  w h e n  Sr +2 a n d  Co +4 ions a re  s u b s t i t u t e d  in t h e  LaCoO 8 s t ruc tu re .  

Introduction 

Current crystallographic interest in compounds of the 
type ABO3, 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, 1951b, 1954), much useful 
information can be derived from the unit-cell dimen- 
sions and apparent lattice symmetries observed in 
powder diffraction experiments (Vousden, 1951a). 

I t  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 helium 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* LaMn03, CaMn0a, LaCo03, SrCo08, LaFe0a, 
SrFeOa, LaCrO 3 and LaVO 3. Some solid solutions of 
the type (La~Cal_x)Mn03, (La~Srz_x)Co0a, 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?/0 N~-l?/o 03 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 LaMn03 
samples prepared at temperatures of 1100-1400 ° C. 
in air or nitrogen atmospheres, with long firing periods, 
contain about 8-10 % 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 % Mn+4. 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-angie X-ray goniometer was used in 

* The analyses for tetrapositive transition metal  ions were 
carried out in two steps. The first involved a determinat ion of 
the total  oxidizing power of the sample, and the second a 
determinat ion of the total transition metal  concentration. 
Together these results gave values for the tri- and tetrapositive 
ion content  which are probably accurate to ~:5 %. 

As an example, in an analysis for Mn +s and Mn+4, par t  of 
the sample was dissolved in a known excess of standard 
ferrous sulfate solution. The excess Fe +2 was then t i t ra ted 
with s tandard potassium permanganate  solution and the 
number  of milliequivalents of iron oxidized by  Mn +s and Mn +4 
was obtained by  the difference between the total  milli- 
equivalents of Fe +2 added and the milliequivalents of excess 
iron determined by  t i t r a t ion .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 
s tandard ferrous sulfate solution was added to the permanga- 
nate  and the excess Fe +2 was t i t ra ted with s tandard 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. 

Resul ts  

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. 

I t  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. 

Ionic radii  

In the analysis of the results listed in Table 1, it is 
convenient to introduce ionic radii, which, while often 
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Fig. 1. Ionic  radii  of t rans i t ion  me ta l  ions of the  th i rd  row as 
a func t ion  of thei r  nuclear  charge,  z. Circles: empir ical  radii ;  
t r iangles:  in te rpola ted  radii.  

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 Mn+4 ion, Goldschmidt's (1926a, b) 
value for the radius has been used, while for ions such 
as Cr +4, Fe +4, Co +3 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 radii 

Ion Radius (A) Ion Radius (A) 
O -9 1.40 Cr +~ 0-56 
Ca +2 1-08" Mn +a 0.62 
Sr +2 1-22" Mn +4 0-52 
La +a 1.22" Fe +3 0-60 
V+a 0.66 Fe 44 0.50 
V +4 0.61 Co +3 0-58 
Cr+a 0.64 Co +4 0.48 

* Corrected for change f rom 6-fold to  12-fold coord ina t ion  
(Pauling,  1945, p. 368). 

D i s c u s s i o n  

The ideal perovskite structure for compounds of the 
type A B O  8 may be described as cubic, with 12-fold 
coordinated A ions at the corners, 6-fold coordinated 
B ions at the body centers, and 6-fold coordinated 
0 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 

ro-B = ¼V}, (1) 

ro-a = ro-o = ¼~/2. V½, (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, 5, 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+Ra)  = l / 2 . t ( R o + R z ) ,  (3) 

where Re, Ra, and RB 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 6's probably reflect partial covalent bond 
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C o m p o u n d  (O-B)obs. (A) R o + R  B 

LaVO s 1.96 2-06 
SrVO 3 - -  2.01 
LaCrO 3 1.94 2.04 
SrCrO 3 - -  1.96 
LaMnO a 1.98 2.02 
CaMnO a 1.87 1.92 
L a F e O  3 1.96 2.00 
SrFeO 3 1.94 1.90 
LaCoO 3 1.91 1-98 
SrCoO 3 1.93 1.88 

(A) 

Table 3 

~1 (A) (O-A)obs. (A) R o + R  A 

- -0 .10  2-77 

--0-10 2-74 

- -0 .04  2.79 
--0-05 2.64 
-- 0.04 2.78 
+ 0.04 2-74 
- -0 .07 2.71 
A-0.05 2.73 

~1 --~ (O-B)obs.-- (R 0 + R B )  
~2 : (O-A)obs.-- (R O +RA) 

(A) (~2 (A) t 
2.62 + 0 . 1 5  0.90 
2.62 - -  0.92 
2.62 + 0 . 1 2  0.91 
2.62 - -  0.95 
2.62 + 0 . 1 7  0-92 
2-48 + 0 . 1 6  0.92 
2.62 + 0 . 1 6  0.93 
2.62 + 0 . 1 2  0.98 
2.62 + 0.09 0.94 
2.62 + 0 . 1 1  0.98 

character (Vousden, 1951a), but  any quanti tat ive con- 
clusions are precluded by  the uncertainties in the 
ionic radii. The small positive values of 81 obtained for 
SrFeO3 and SrCoO 8 may  also be due to inaccurate 
radii, or to the non-stoichiometric composition of these 
substances. This lat ter  effect should be especially im- 
por tant  for the cobalt compound where the analytical 
data for Table 1 suggests tha t  the structure actually 
contains tr ivalent cobalt ions and random defects ar- 
ranged on a perovskite lattice. The nature of these 
defects may  be either (a) anion holes, giving a com- 
position SrCoO~.5, (b) interstit ial cations, giving a com- 
position Srl.sCoOz, or (c) anion holes and a disordered 
array of Sr +~ and Co +3 ions occupying the B-ion sites. 
A composition corresponding to this lat ter  defect 
would be Sr(Co0.sSr0.2)O2.4. The fact tha t  the lattice 
parameter  for the strontium-cobalt  oxide is signifi- 
cantly larger than  the average parameter of LaCoO 3, 
together with the nearly equal sizes of the La +3 and 
and Sr +~" 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 tha t  the different possible 
distortions of perovskite structures from cubic sym- 
met ry  occur for separate ranges of values of the 
tolerance factor. Thus, with Goldschmidt's (1926a, b) 
ionic radii, 0-8 < t < 0.9 should lead to orthorhombic 
(monoclinic) structures, whereas 0.9 < t < 0.97 should 
lead to cubic symmet ry  and 0.97 < t < 1.02 to tetrag- 
onal symmetry.  I t  is seen tha t  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. I t  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 impor tant  role in determining the 
atomic displacements and, through them, the lattice 
symmetry.  

The possibility of part ial  covalent bonding, indicated 

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 (1951b) in :NaNbOa. 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~Srl_z)CoOa system, at  low Co +4 ion concentrations 
presents the interesting example of a lattice which 
expands on the substitution of supposedly smaller 
Co +4 ions for Co +3 ions a~d 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 tha t  the 
percentage charge decrease at  the A-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 (LaxCal_~)MnOz system 
shows a continuous linear decrease of lattice volume 
with increasing Mn+4 content (see Fig. 2).* The con- 
traction is in qualitative agreement with the expected 
decrease in transit ion-metal ion size, but does not re- 
flect the net  decrease in covalent bond character 
accompanying the substitution of Ca+9 ions for La+3 
ions. This is presumably due to the significantly 
smaller size of the Ca +~ ion, in comparison with the 
La +3 ion, which offsets any expansion of the structure. 

* F o r  ef fect  of the  size of the  A ion on this  solubi l i ty ,  
compa re  this  resul t  wi th  those  r epo r t ed  for  the  LaMnO~-  
SrMnO 3 sys tem b y  H a r w o o d  (1954). 
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As shown in Fig. 2, the unit-cell volumes of calcium 
manganate (IV) samples containing differing amounts 
of Mn +4 (71-987/o, depending on the method of prepa- 
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Fig. 2. Unlt-cell volume as a function of Mn +a concentration 
for the solid solution system (LaMnOa-CaMnOa) (solid cir- 
cles). Open circles represent calcium manganate (IV) sam. 
ples and triangles represent lanthanum manganate (III) 
sampleh 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 a 
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+a ions in the ideal LaMnO3 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 a defect structures 
follow the same straight line as the solid solutions of 
CaMnO a in LaMn0 a where, of course, no defects 
should occur. 

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

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

I t  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. 0. 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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