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An electron diffraction and microscopy study of the CaFe,Mn,-,09-y system treated at 1100°C in air 
has been performed. An increase of y is accompanied by an increase of the cubic perovskite substruc- 
ture parameter, the nonstoichiometry being accommodated in several ways. The system contains two 
solid solutions of the perovskite-type (P) and of the brownmillerite-type (B) and also an intermediate 
phase (x = 0.6) which makes disordered intergrowth with the B-type solid solution. These results are 
discussed in terms of multitwinning, randomly dispersed oxygen deficiency, and ordered and disor- 
dered intergrowth formation. 0 1987 Academic Press, Inc. 

Introduction 

In recent years, a considerable amount of 
work has dealt with nonstoichiometry in 
AMOS-, perovskites since compositional 
variations can lead in some circumstances 
to the formation of new materials. In order 
to produce defects in the anionic sublattice 
of the perovskite-type structure (I) two 
conditions seem to be necessary: (i) The 
elements occupying the M positions have to 
be able to adopt several coordinations, and 
(ii) a situation of mixed oxidation states in 
either A or M cations is necessary so that 
the formation of anionic vacancies can be 
possible. 

Iron (2-d), titanium (3, cobalt (6, 7), 
manganese (&IO), copper (11-24), and 
nickel (Z5), among others, have led to the 
formation of various phases in the AMOj- 
AMOZ.~ composition range with perovskite- 
related structures. However, it seems that 

the situation becomes more complicated 
when two of these cations share the M posi- 
tion. Thus, several studies have been per- 
formed in the CaFe,Mni-,03-, system. De- 
pending on the temperature, oxygen 
pressure, and oxide precursors, iron and 
manganese can adopt various oxidation 
states and then, several polyhedral environ- 
ments, leading to different ways to accom- 
modate the nonstoichiometry (16-22). 

In order to clarify the information con- 
cerning this system, we have performed a 
study of electron diffraction and micros- 
copy of two series of samples of the title 
system having different compositions and 
prepared them at 1100 and 1400°C in air, 
respectively. We have previously reported 
(22) that samples heated at 1400°C in air 
accommodate the nonstoichiometry by 
means of the intergrowth of CazFezOs-like 
domains and/or CaMnOrlike domains in 
the region 0.2 5 x 5 0.4. In this paper, we 
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report work in the CaMnOj-Ca2Fe205 com- 
position range of the samples prepared at 
1100°C. 

Experimental 

Samples of various compositions of the 
CaFe,Mni-,0x-, system were prepared 
from stoichiometric mixtures of CaCOj, 
MnC03, and a-Fe20s. An intimate mixture 
of the reagents was preheated in air at 
1000°C for 45 hr to decompose the carbon- 
ate. After that treatment, samples were 
fired in air at 1400°C for 45 hr and then an- 
nealed at 1100°C for 4 days and quenched to 
room temperature. The black materials 
thus obtained were homogeneous under the 
optical microscope. 

Powder X-ray characterization was per- 
formed on a Siemens D-500 diffractometer 
using CuKa radiation and silicon as the in- 
ternal standard. 

The average oxidation state of iron in the 
samples was determined by chemical analy- 
sis with H3P04 solution after dilution in 
HCl 1: 1 with an excess of Mohr’s salt. The 
amounts of both Mn4+ and Mn3+ were de- 
termined as previously described (22). To- 
tal amounts of manganese and iron were 
confirmed by atomic absorption spectrome- 
try. 

Electron diffraction and microscopy 

were performed on a Philips EM 400T elec- 
tron microscope fitted with a double-tilting 
goniometer stage, by working at 120 kV, 
kindly lent to us by the Laboratoire de Cris- 
tallographie, CNRS, Grenoble, France. 
The samples were ultrasonically dispersed 
in n-butanol and then transferred to carbon- 
coated copper grids. 

Results 

Powder X-ray diffraction patterns of all 
the studied samples show diffraction max- 
ima corresponding either to the perovskite 
structure or to some superlattices of such a 
structural type. However, only some of 
these patterns can be characterized as sin- 
gle phases, the other corresponding, at a 
first sight, to phase mixtures. Table I sum- 
marizes the unit cell parameters of the vari- 
ous samples and their composition as de- 
duced from the chemical analysis. 

Single Phases 

x = 0.2 sample. CaFe~$Mn&Mr$&O~.~ 
gave a powder X-ray diffraction pattern 
similar to that obtained for CaMn03 (P), 
which can be indexed on the basis of a te- 
tragonal cell with parameters related to the 
cubic perovskite subcell by a,V? X 2a, X 

a,V’?, where a, = 3.746 A is the pseudocu- 

TABLE I 

CHEMICAL ANALYSIS DATA AND UNIT CELL PARAMETERS OF THE DIFFERENT SAMPLES 

X Chemical composition Structural type a (A) b (A) c (‘Q UC (WI 

0 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 

CaMnO (23) 5.279(l) 7.448(l) 5.264(l) 3.726 
CaMnO, 5.297(2) 7.495(3) 5.297(2) 3.746 
Cubic perovskite 3.755(2) - - 3.755 
CaMnO + A3M308 - - - - 
CaMnO + A3M30s - - - - 

M43Os V-3 5.476(l) 11.151(3) 5.360(l) 3.793 
Agkf308 + brownmillerite - - - - 
A$f308 + brownmillerite - - - - 
Brownmiilerite (B) 5.563(l) 14.835(5) 5.409(l) 3.822 
Brownmillerite (24) 5.5980(5) 14.7687(17) 5.4253(5) 3.829 
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bit unit cell parameter. However, Poeppel- 
meier et al. (23) have shown by a single- 
crystal X-ray study that CaMnO is 
orthorhombic with a = 5.279 A, b = 7.448 
A, and c = 5.264 A, where a, = 3.726 A, 
but such a small orthorhombic distortion 
cannot be detected by the conventional 
powder diffractometers. 

As can be seen, chemical analysis reveals 
a certain amount of oxygen deficiency, y = 
0.10. Electron microscopy is the most suit- 
able technique to investigate the way in 
which these anionic vacancies are accom- 
modated. Figure 1 shows the electron dif- 
fraction pattern and the corresponding elec- 
tron micrograph of this sample along the 
[OOl] zone axis of the perovskite substruc- 
ture. This micrograph and some electron 
diffraction patterns obtained by tilting 
around either a* or b* indicate that this ma- 
terial is formed by three sets of twinned 

domains of CaMnO type with the double 
axis alternating at random in the three 
space directions. Three-dimensional multi- 
twinning has been already observed in 
slightly distorted orthorhombic perovskites 
such as LaFe03 (25) and SrSn03 (26). 
Moreover, the x = 0.2 sample of this sys- 
tem treated at 1400°C also showed this sit- 
uation (22). In regard to the composition 
of this high-temperature sample, i.e., Ca 
F~&MI&M~&O~.~~, it seems that in the 
presence of manganese the iron stabilizes 
as Fe3+ better than as Fe4+ at high tempera- 
ture, leading to higher amounts of anionic 
vacancies. In order to check whether non- 
stoichiometry is responsible for the twin- 
ning, the end member of this system, 
CaMn03, was studied by electron diffrac- 
tion and microscopy, Such study shows an 
electron diffraction pattern analogous to 
that observed in the above sample, the elec- 

FIG. 1. Electron micrograph of the x = 0.2 sample along the [OOl], zone axis and a selected electron 
diffraction pattern (inset). Several domains with the perovskite doubled axis oriented at random in one 
of the three space directions are seen. 
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tron micrograph showing domains of larger 
size. It seems, then, that anionic vacancies 
are disordered at random in the crystal, 
preserving the perovskite symmetry. 

x = 0.3 sample. Chemical analysis of this 
sample reveals an increase of the percent- 
age of Mn(II1) while iron remains as 
Fe(IV), the oxygen deficiency being y = 
0.15. On the other hand, all the maxima ap- 
pearing in the powder X-ray diffraction pat- 
tern can be indexed on the basis of a simple 
cubic perovskite cell of parameter a, = 
3.755(l) A. The electron diffraction pat- 
terns of all the crystals studied correspond- 
ing to this material show neither super- 
structure spots nor streaking of the 
diffraction maxima. Only the basic reflec- 
tions corresponding to the cubic perovskite 
cell were observed. Moreover, electron mi- 
croscopy only reveals the -3.8 A lattice 
fringes of the (100) d spacings of the 
perovskite. 

This lack of superstructure spots indi- 
cates that the anionic vacancies are either 
dispersed at random in the crystal, giving 
an average cubic symmetry characteristic 
of long-distance disorder of such vacancies, 
or if some kind of ordering exists, it would 
be nonperiodic and its contribution to the 
diffraction patterns would appear in the in- 
coherent background between Bragg reflec- 
tions. At this point, it is to be noted that 
Komornicki et al. (27) hypothesized, based 
on theoretical calculations, that the va- 
cancy ordering varies continually as a func- 
tion of y. For values of y close to 0.15, as in 
this case, oxygen vacancies were thought 
to be ordered along rows of various lengths 
in a statistical fashion, preserving the cubic 
perovskite symmetry. 

x = 0.6 sample. As deduced from the 
chemical analysis, the amount of iron in 
this system increases with the increasing 
percentage of Fe3+, Fe4+ not being found in 
this sample. By X-ray diffraction this solid 
was found to be orthorhombic with unit cell 
parameters related to the a, parameter of 

the cubic perovskite by a,V? X 3a, X 
a,%“?. Figure 2 shows the electron diffrac- 
tion pattern and the corresponding micro- 
graph of this material along the [OOll zone 
axis. A threefold superlattice of the pe- 
rovskite structure along the b axis is ob- 
served, characteristic of the A3M30s-type 
structure (28), in which two octahedral lay- 
ers alternate with one tetrahedral layer 
along this axis. This kind of solid has been 
already found in the CaFe,Mni-x03-y sys- 
tem by Hervieu et al. (21) in the 0.53 5 x 5 
0.57 composition range. A study by X-ray 
diffraction and Mossbauer spectroscopy by 
these authors (20) shows that the structure 
of the x = 0.55 solid presents some differ- 
ences with respect to the structural model 
described for the n = 3 member of the 
A,J4,03,- r series (29). Additional oxygen 
atoms were observed in the tetrahedral lay- 
ers with an occupancy factor r = 0.3 in- 
stead of 0, whereas the octahedral layers 
were found to exhibit an oxygen defect cor- 
responding to an occupancy factor 7 = 0.7 
instead of 1 for the ideal structure. This was 
explained by the ability of Mn3+ to adopt 
square pyramidal coordination. 

Chemical analysis indicates that our sam- 
ple has Ca,Fe:.~Mn:,~,M~.~O*.~~~ composi- 
tion and, in spite of the oxygen excess (6 = 
0.055) with respect to the ideal A&I308 
structure (G), no disorder is seen in either 
electron diffraction patterns or micro- 
graphs. Since Mn4+ certainly prefers to re- 
main in an octahedral environment and 
Fe3+ can adopt both octahedral and tetrahe- 
dral configurations, the small quantity of 
Mn3+ having pyramidal surroundings is dis- 
tributed at random along the crystal, mean- 
ing that Ca3(Fe,Mn3-,)Os,a shows nonstoi- 
chiometry at least in the 1.60 I x I 1.80 
range, with 6 varying from -0.012 to 
+0.055. 

x = 0.9 sample. According to the X-ray 
diffraction pattern, the x = 0.9 solid is 
orthorhombic, with unit cell parameters 
a,fi x 4a, x a,fi corresponding to a 
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FIG. 2. The electron diffraction pattern along the [OOl]~ zone axis and the corresponding micrograph 
of the x = 0.6 sample, showing an interplanar spacing of I I. I w characteristic of the stacking sequence 
. . .OOT.. ., 

brownmillerite-type structure (B) (30). The 
composition as deduced from the chemical 
analysis is Ca,Fe:.~M~.:8M~.‘o~O~.~. Once 
again, the electron diffraction pattern and 
the corresponding electron micrograph 
(Fig. 3) show an ordered material with the 
characteristic diffraction maxima and d 
spacings of a brownmillerite-type structure 
of A&&05 composition (B). Since no extra 
spots were observed in the electron micros- 
copy study, the oxygen excess must be ran- 
domly distributed, a brownmillerite-type 
solid solution being obtained in the 0.9 I 
x 5 1 composition range of the CaFe, 
Mn, -xO3-Y system. 

Phase Mixtures 

0.4 5 x 5 0.5 samples. These samples 
showed very complex powder X-ray dif- 
fraction patterns but all of the reflections of 
both x = 0.4 and x = 0.5 solids could be 

indexed on the basis of a phase mixture of 
both P- and G-type structures. The com- 
plexity of these patterns is due to the exis- 
tence of two superstructures of the same 
structural type, leading to the overlapping 
of many of the diffraction maxima. Thus, 
although the intensity of the lines corre- 
sponding to CaMnO was very small in the 
x = 0.5 sample, they were clearly apprecia- 
ble. 

An electron microscopy study of the 
Ca,Lal-,FeOj-,,2 system in the 0.2 I x 5 
0.66 range (25) showed that samples giving 
similar X-ray diffraction patterns accom- 
modated the nonstoichiometry by means of 
disordered intergrowth between LaFe4 
and Ca2LaFe308. However, such a study in 
the CaFe,Mn,-,03-, system confirms the 
existence of two types of crystals, with P 
and G structures, respectively. 

0.7 I x 5 0.8 samples. Once again, the 
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FIG. 3. An electron micrograph of the x = 0.9 sample, showing the &, = 14.8 A and dlM) = 5.6 A 
spacings of the brownmillerite-type structure. No disorder is seen along the crystal. Inset: A selected 
electron diffraction pattern along [OOl]s. 

X-ray diffraction data of the samples were 
interpreted as due to a phase mixture, but 
now of both G- and B-type structures. 
However, the electron diffraction and mi- 
croscopy show a more complex real situa- 
tion. Figure 4a shows the electron diffrac- 
tiorpattern of the x = 0.7 sample along the 
[IOl], zone axis of the cubic perovskite sub- 
structure. In addition to the strong reflec- 
tions corresponding to the perovskite struc- 
ture, two different kinds of diffraction 
maxima can be seen in this pattern: 

(i) A series of spots corresponding to the 
[001]~ zone axis of an A&OS-type struc- 
ture (a,fi x 3~2, x a,t/2) schematically 
shown in Fig. 4b. 

(ii) Another set of maxima which can be 
indexed in the [OO1lB zone axis of the 
brownmillerite unit cell (a,%‘? x 4a, x 
a,%‘$, schematically shown in Fig. 4c. 

The corresponding electron micrograph 
(Fig. 4d) shows that these crystals are 
formed by a disordered intergrowth be- 
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tweearegions characterized by a spacing of 
14.8 A = doi of the brownmillerite-type 
structure and other regions in which the 
spacing is 11.1 A, i.e., doi of the G phase. 
From these results and comparing the line 
intensities in the X-ray diffraction pattern, 
we can determine, although not quantita- 
tively, that for the X = 0.7 composition, the 
amount of brownmillerite phase is slightly 
larger than that of A3M308. However, for x 
= 0.8, although the same disordered inter- 
growths are observed, the brownmillerite 
phase is by far the most abundant. 

Discussion 

Since X-ray diffraction only detects long- 
range periodicity, electron diffraction and 
lattice imaging are necessary to follow 
the clustering of anionic vacancies when 
the oxygen deficiency increases from 
the perovskite (P)- to the brownmillerite 
(B)-type structures. Figure 5 summarizes 
a tentative phase diagram for the Ca 
Fe,Mn,-x03-y system at 1100°C as de- 
duced from the above electron microscopy 
study. It can be seen that only an ordered 
intermediate phase exists between the 
perovskite and the brownmillerite, for x = 
0.6, which can be described as an ordered 
intergrowth between a half brownmillerite 
unit cell (OT) and one perovskite unit cell 
(0) following the stacking sequence 
* * *OOTOOT* * * (0 = octahedron, T = tet- 
rahedron). This structural model was ini- 
tially proposed by Grenier et al. (31) for 
Ca3Fe2Ti08 where all Ti4+ are octahedrally 
coordinated while Fe3+ remains in both oc- 
tahedral and tetrahedral coordination. 

As mentioned above, CaJ(Fe,Mnj-,)08?s 
(1.6 < x < 1.8) allows nonstoichiometry 
due to the presence of Mn(II1) in square 
pyramidal coordination. Thus, it seems that 
the G structural type stabilizes when the 
oxygen content per unit formula y is around 
0.33, which can be attained either with the 
stacking sequence * * .OOTOOT* . * along 
all the crystal or by substituting one octahe- 

dron and one tetrahedron by two square 
pyramids. Obviously, such a substitution 
must be limited to a restricted number of 
crystallographic sites, since this phase is 
only stable for a few x values. According to 
Nguyen et al. (20), if only Mn3+ shows py- 
ramidal coordination, there will be very few 
sites showing such a coordination in the x = 
0.6 sample, being very close to an “ideal” 
G phase. 

In order to obtain such ordered sequence 
we prepared a sample with x = 0.66 com- 
position. However, according to the chem- 
ical analysis, some Mn3+ is still present as 
reflected in the formula CaFe&Mn& 
Mr1&0~.~, the oxygen deficiency being 
large enough to allow, as observed by 
electron microscopy, the presence of 
fringes of 14.8 A, corresponding to the 
brownmillerite-type structure dipersed 
within the G-type structure. 

As it is well known, the structure and the 
homogeneity range of a compound is 
closely related with its history, i.e., it de- 
pends of the reagents and treatment condi- 
tions. Thus, some small differences are ob- 
served in the homogeneity range between 
our samples and those prepared by Nguyen 
et al. (20) since precursor oxides and an- 
nealing times are different. However, Rao 
et al. (32) by decomposing carbonate solid 
solutions at 1000°C and reducing the result- 
ing oxide in dilute hydrogen at 33O”C, ob- 
tained the Ca3Fe2Mn07.5 oxide. Under 
these conditions, the anionic deficiency is 
larger than in Ca3FezMnOs; since all of the 
manganese is in the 3-t oxidation state, the 
most probable structure of the oxide is one 
involving a stacking sequence * * *POT- 
POT. * * (P = square pyramid) along the b 
axis. 

No more anion-vacancy-ordered super- 
structures have been found in this system 
between the perovskite and the brownmil- 
lerite structures. However, as studied by 
X-ray diffraction and electron microscopy, 
we can detect in the CaFe,Mni-,OJ-, sys- 
tem three types of solid solutions showing 
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CmmOQ (PI Ca3(Fex Mn~-.&,g (Q ca*e205 (6) 

i.“L!? L&j!-&? t_J 

I PEROVSKiTE TYPE TWO PHASES aSORDERED 

: 
SOLID SOLUTION O+(G) j INTERGROWMS 

B-TYPE; 

1 (Q+(B) 
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I I 1 
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I 
I 0 

: ORTHORHOM X CUBIC > 1 
I 
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FIG. 5. A schematic phase diagram of the CaFe,Mn,&-, system at 1100°C. 

nonstoichiometry where, obviously, an- 
ionic vacancies are randomly dispersed: (i) 
A perovskite-type solid solution in the 0 < 
x 5 0.3 composition range, (ii) the 
CaJ(Fe,Mnj-JOs+a solid solution already 
mentioned, and (iii) a brownmillerite-type 
solid solution for 0.9 i x < 1. Comparing 
the three perovskite substructures we see 
that the a, parameter (Fig. 6) increases with 
increasing iron content, following a Ve- 
gard’s rule (33). This may be attributed to 
the larger ionic size of Fe3+ (octahedral and 
tetrahedral coordination), Fe4+ (octahedral 
coordination), and Mn3 (square pyramidal 
coordination) with respect to Mn4+ (octahe- 
drally coordinated) and also due to the logi- 
cal increase in the anionic vacancies which 
produces a less compact structure. Since 
the cation substitution in the three solid so- 
lutions is accompanied by a change in the 
oxidation state, the solid solutions can be 
considered examples of anomalous solid 
solutions. 

The last way of accommodation of the 
nonstoichiometry observed in this system 
is by the formation of disordered inter- 
growths between two different structural 
types. It can be observed in Table I that the 
three phases coexisting in this system, P, 
G, and B, have two similar parameters, the 
b axis being different. This situation can 

lead to the intergrowth between such 
phases, as has already been found in other 
perovskite-related systems (25, 34), where 
the information obtained by means of X-ray 
diffraction studies is insufficient to detect 
this phenomenon. Electron microscopy has 
allowed us to elucidate that in the CaFe, 
Mni-x03-y system, the intergrowth is only 
possible between the G and B phases, but 
not in the composition range between the 
perovskite and the G phases, where a mix- 
ture of both kind of crystals is observed. 
Regarding the parameters of the three 
phases, that a and c of G and B phases are 
more similar than those corresponding to P 
and G phases can be appreciated. For this 
reason, the structural distortion required 
for the intergrowth of G and P along the b 
axis would be too great, such accommoda- 
tion of nonstoichiometry being much more 
energetically favorable when the values of 
a and c are closer. In this way, the Ca, 
Lal-xFe03-y system (25) is formed by the 
disordered intergrowth of two out of three 
ordered terms: 

U=U,V5 b = na, c=a,v? 

LaFeO, 5.563 I% 7.867 A 5.553 A 
Ca,LaFe,08 5.563 A 11.29 ii 5.467 ti 
Ca2Fe20S 5.598 A 14.7687 A 5.4253 A 

FIG. 4. (a) An electron diffraction pattern of the x = 0.7 sample along [lOi], equivalent to [OOl]o (b) 
and to [OOl]a (c). (d) An electron micrograph corresponding to the pattern shown in a. Disordered 
intergrowth between the G (&O = 11.1 A) and B (&o = 14.8 A) phases are clearly seen. 
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3x 

3.72 

I----- 
0 0.2 0.4 0.6 0.8 1 x 

FIG. 6. Evolution of the pseudocubic parameter a, 
as a function of iron content. 

It can be observed that the a and c pa- 
rameters are very similar. In these circum- 
stances, the distortion necessary for the 
coupling of two phases is small, inter- 
growth being favorable. When the 
perovskite phase is CaMn03, the differ- 
ences with the G parameters are more pro- 
nounced, single phases of both resultant 
structural types being more stable. 

From the results obtained, it is evident, 
once again, that the major problem that oc- 
curs in the investigation of long-range order 
in oxides arises from the fact that the mate- 
rial is often in a metastable condition and, 
then, poorly equilibrated phases are the 
rule rather than the exception in ceramic 
oxide materials. 
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