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The phase Sr2CoFe05+, has been studied by Miissbauer spectroscopy, X-ray powder diffraction, and 
magnetic susceptibility techniques. Quenching in air from 1200°C produces a partially oxidized 
material which contains small nonequilibrium microdomains of the brownmillerite Sr,CoFe05 with 
excess oxygen accommodated in the domain walls. Quenching in liquid nitrogen from 1200°C produces 
stoichiometric SrzCoFeOS with a random distribution of cobalt and iron on the tetrahedral and 
octahedral sites. Annealing under argon at 800°C causes preferential occupation of the tetrahedral sites 
by cobalt. Both the nitrogen-quenched and the annealed sample are antiferromagnetic at room 
temperature. 0 1988 Academic Press, Inc. 

Introduction 

There are a number of compounds with 
the general formula A~B205 which are no- 
tionally derived from the perovskite struc- 
ture ABO, by an ordering of oxygen vacan- 
cies such that there are alternate layers of 
distorted octahedrally and tetrahedrally co- 
ordinated B cations. They are frequently 
refefred to as “brownmillerites” after the 
mineral brownmillerite, CazFeAIOs, which 
has been extensively studied as a constit- 
uent of Portland cement. The crystal struc- 
tures of both this compound and of Ca2 
Fe205, assumed to be isostructural, were 
refined (I) from X-ray data in the space 
group Pcmn (orthorhombic with c < a < b 
and the alternating cation layers normal to 
y). More accurate refinements for CazFezOs 
by Colville (2) (in Pcmn) and by Berggren 

* To whom correspondence should be addressed. 

(3) (in the more conventional setting of 
Pnma) are also available. Ca,FeAlO, has 
also been refined in the space group Zbm2 
(4). Although aluminum shows a strong 
preference for the smaller tetrahedral site, 
cation ordering is only about 75% com- 
plete. A detailed analysis of the Miissbauer 
spectra of Ca2Fe20s below the NCel tem- 
perature of -400°C has shown (5) that the 
Fe3+ spins lie along the c-axis with antifer- 
romagnetic coupling in both the octahedral 
and tetrahedral sublattices. This has been 
confirmed by neutron diffraction measure- 
ments (6, 7). In Ca2FeA105 a similar antifer- 
romagnetic spin structure is found (8) but 
the spins now lie along the a-axis. This is a 
significant difference because the axis se- 
quence c < a < b is retained throughout the 
Ca2Fe205-CazFeA105 solid solution. Sub- 
stitution of Fe3+ by Sc3+ takes place at 
octahedral sites, and by Ga3+ at tetrahedral 
sites, in parallel with similar observations 
in the garnet systems (9). 
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The magnetic structure for SrZCoZOs has 
been refined (10) from neutron diffraction 
data under the assumption that the space 
group is also Pcmn. The structure of SrzFe, 
05 derived from powder neutron data (II) 
features disordered 8i sites in the space 
group Zcmm. A later single-crystal X-ray 
study (12) gave the space group as Zbm2, 
although no standard deviations are given, 
and the table of interatomic distances is 
clearly at variance with the table of atomic 
coordinates. However, despite the un- 
doubted subtleties of the space groups, the 
Mdssbauer spectra of CazFezOs, SrzFezOj, 
and Sr&Jo205 show a close similarity in 
their magnetic structures (13). More re- 
cently, Sr2Fe205 has been shown to un- 
dergo a transition to a high-temperature 
disordered form (apparently a cubic per- 
ovskite), and this has been explained (14) in 
terms of microdomain formation within a 
brownmillerite lattice. 

Although one might expect that phases 
could be prepared with mixed transition 
metal cations, little work has been done in 
this area. Ca2Fe205 has been partially sub- 
stituted by Cr3+ and Co3+ which show some 
preference for the octahedral and tetrahe- 
dral sites, respectively (15). In a previous 
investigation (13) of the system SrFei-, 
Co,03-,, we were unable to prepare a 
brownmillerite compound of composition 
Sr$.ZoFeOS. This seemed surprising in view 
of the similar structures of Sr2Fe205 and 
Sr.$ZoZOs. In this paper we describe the 
successful preparation of this phase by two 
different routes, and determine the site 
preferences of the iron and cobalt by Moss- 
bauer spectroscopy. Unusual nonequi- 
librium microdomains produced by the 
rapid oxidation of this phase during 
quenching have been observed. 

Experimental 

Accurately weighed amounts of spectro- 
scopic grade Co304, FezO3, and SrCO3 in 

the stoichiometric ratio appropriate for 
Sr&oFeOS were ground together in a ball 
mill, pressed into a pellet, and fired in a 
platinum crucible at 1200°C for 3 days with 
two intermediate grindings before quench- 
ing onto a metal plate in air. Aliquots of this 
material were then annealed under a variety 
of conditions as described under Results 
and Discussion. Initial characterization in 
each case was by X-ray powder diffraction 
recorded with a Philips diffractometer using 
nickel-filtered Cuba! radiation. Chemical 
analyses for Fe/Co4+ were carried out by 
iodometric analysis as described previously 
(13). Mossbauer spectra were recorded in 
the range 78-300 K with a 57Co/Rh source 
matrix at room temperature, isomer shift 
values are relative to the spectrum of metal- 
lic iron. The main spectrometer was an 
MS- 102 Microprocessor by Cryophysics 
Ltd. Magnetic susceptibilities were mea- 
sured in the temperature range 80-300 K by 
the Gouy method. 

Results and Discussion 

An earlier investigation of the phase 
SrFe03-, has shown that ordering of oxy- 
gen vacancies takes place to a degree which 
depends upon both the thermal history and 
the oxygen content of a given sample (16). 
Moreover the phase has very unusual mag- 
netic properties. In an attempt to gain fur- 
ther information about this unique system, 
the SrCo,Fei-,03-, phase was studied by 
X-ray and Mossbauer spectroscopy using 
samples which had been slowly cooled in 
air to effect maximum oxidation (27). In 
view of the existence of SrzFezOs and 
Sr2C0205 it seemed likely that a composi- 
tion Sr#ZoFeOS should also be a brown- 
millerite. In this event, preparation of this 
phase proves more difficult than expected. 

Sr2C0205 can be prepared by quenching 
from 1200°C in air. SrZFezOs cannot be 
quenched in this way without oxida- 
tion, but can be heated at the same temper- 
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ature under argon to give the stoichio- 
metric oxide. The initial preparation of 
“SrzCoFeOs” which was quenched in air 
from 1200°C was a hard, black, well- 
sintered material (designated here as sam- 
ple A). Chemical analysis gave the for- 
mulation to be Sr2CoFe05.27, indicating a 
significant degree of oxidation to Co4+ or 
Fe4+. The X-ray powder pattern could be 
interpreted on the basis of a superposition 
of the pattern for a brownmillerite upon 
that for a cubic perovskite. It therefore 
seemed logical to conclude that the prepa- 
ration was a two-phase mixture. 

However, examination of the Mossbauer 
spectrum as a function of temperature (Fig. 
1) revealed a far more subtle and interesting 
situation. At 290 K, the spectrum shows the 
characteristic 12-line hyperfine pattern 
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FIG. 1. The 57Fe Mcssbauer spectra of sample A 
(SrzCoFe05.2,, quenched in air from 1200°C) at (a) 290 
K, (b) 148 K, (c) 116 K, (d) 86 K, and (e) 78 K. 
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FIG. 2. The reciprocal magnetic susceptibility, l/X 
in cgs units versus temperature for sample A, 
Sr2CoFe05.27 (filled circles), sample B, Sr2CoFeOr.M, 
(crosses), and sample C, Sr2CoFe05.02 (open circles). 

from an antiferromagnetic brownmillerite 
superimposed upon a central paramagnetic 
component which one could assign to a 
perovskite-like phase (17). However, be- 
low 150 K the brownmillerite pattern was 
seen to increase in intensity by a factor of 
two (i.e., by much more than can be simply 
explained in terms of an increase in recoil- 
less fraction) at the expense of the para- 
magnetic component, until at 78 K it had be- 
come dominant. A degree of “baseline 
curvature” still remains at 78 K, the origin 
of which will be discussed later. The behav- 
ior is remarkably similar to the data (18) for 
ultra-fine particle a-Fe203 where super- 
paramagnetism causes spectral collapse, al- 
though in the present case there can be no 
question of small particle sizes in the sin- 
tered pellet. However, this has led us to 
consider the possibility that our sample 
consists wholly of microdomains, of vary- 
ing size, of brownmillerite, rather than be- 
ing a two-phase mixture. We shall return to 
this aspect later. The magnetic susceptibil- 
ity data are shown in Fig. 2. The reciprocal 
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susceptibility reaches a minimum at 120 K 
which is also consistent with the Moss- 
bauer data, in that the central component 
has disappeared from the latter at this 
temperature. 

Clearly a primary objective was to pro- 
duce a material without oxidation, and it 
was found that this could be achieved in 
more than one way. A further sample was 
quenched from 1200°C into liquid nitrogen 
(sample B). The chemical analysis was 
SrzCoFeOS.,,, and the X-ray powder pattern 
could be indexed as a brownmillerite with 
a = 5.49(l), b = 15.67(2), c = 5.63(l) A. 
The Mossbauer spectrum at 290 K was 
now that of a “clean” antiferromagnetic 
brownmillerite pattern (Fig. 2, sample A). 
The hyperIme parameters are listed in Ta- 
ble 1. The magnetic flux density, B, the 
isomer shift, 6, and the quadrupole pertur- 
bation parameter, E, are very similar to the 
values recorded previously (13) for SrzFez 
05 and Sr$o203. The magnetic flux den- 
sity at 290 K is comparable to the values for 
Sr2Fe205 (TN = 700 K) and S&o205 (TN = 
570 K) and suggests that the NCel tempera- 
ture of this sample is similarly high. The 
area of the tetrahedral site pattern was 53% 
of the total, compared to 52% obtained 
from the equivalent spectrum for Sr2Fe205. 
A small deviation from 50% can be ex- 
plained in terms of a small difference in the 
recoilless fraction at the two sites. It can 
therefore be concluded that the equilibrium 

TABLE I 

“Fe M~SSBALJERPARAMETERSAT~WK 

B s E 
Compound Site (‘0 (mm se-‘) (mm xc’) % Area 

SrzFelOs 0 50.1 0.37 -0.35 48 
T 42.2 0.17 0.30 52 

srzco2os 0 46.9 0.33 -0.29 51 
T 39.9 0.18 0.16 49 

SrlCoFeOs 0 48.0 0.36 -0.35 47 
(sample B) T 40.6 0.16 0.24 53 

SrlCoFeOs 0 48.1 0.36 -0.36 62 
(sample C) T 40.7 0.17 0.21 38 

phase of SrzCoFeOs at 1200°C is a fully 
reduced brownmillerite phase with cobalt 
and iron distributed randomly over the oc- 
tahedral and tetrahedral sites. This disorder 
will be a contributing factor to the broad 
linewidths (-0.46 mm set-‘) which are 
observed in this sample. The magnetic sus- 
ceptibility (Fig. 2) is low and nearly temper- 
ature independent, consistent with an anti- 
ferromagnetic material well below the NCel 
temperature. Quenching samples from 1000 
and 1100°C into liquid nitrogen resulted in 
material which showed a small degree of 
oxidation, suggesting that the equilibrium 
phase in air at these temperatures contains 
an oxygen excess. 

A third sample (C) was obtained by re- 
annealing sample A under argon at 800°C 
for 7 days to give a composition of 
Sr&oFeO~,o~ with substantial loss of oxy- 
gen. X-ray analysis gave a brownmillerite 
pattern with a = 5.50(l), b = 15.62(2), c = 
5.61( 1) A. The difference in lattice parame- 
ters between samples B and C is not sign& 
cant. The magnetic susceptibility data (Fig. 
2) were also basically similar. The Moss- 
bauer spectrum at 290 K (Fig. 3b) 
was also that of an antiferromagnetic 
brownmillerite, but with a significant reduc- 
tion in the area of the tetrahedral site sextet 
to 38%. This implies that, perhaps surpris- 
ingly, at lower temperatures the Co3+ or- 
ders selectively onto the tetrahedral sites. 
We were unable to quench samples under 
argon, and cannot therefore be certain that 
this represents the true equilibrium sample 
at exactly 800°C. A sample annealed at 
800°C under argon for 2 days (to assist in 
oxygen loss) and then at 700°C under argon 
for 4 days was not significantly different, 
but the diffusion rates of cations will be 
significantly reduced at this temperature. 
It does not seem possible to prepare a 
fully ordered SrzCoFeOs phase by this 
method. 

A preparation at 1200°C under argon 
(sample D) gave Sr2CoFe04.84 which 



334 BATTLE, GIBB, AND NIXON 

i 

-12 -0 -4 0 4 a 12 
velocity (mm s-‘l 

FIG. 3. The 57Fe Mijssbauer spectra at 290 K of (a) 
sample B, SrzCoFe05,m quenched in liquid nitrogen 
from 1200”C, and (b) sample C, Sr2CoFe05,0z annealed 
under argon at 800°C for 7 days. 

showed a broadened X-ray pattern basi- 
cally similar to a brownmillerite. The Mdss- 
batter spectrum at 290 K was still a mag- 
netic pattern but with drastically broadened 
lines. This is presumably an oxygen- 
deficient brownmillerite due to reduction to 
Co2+ (Sr2Fez05 does not reduce signifi- 
cantly under these conditions), but cannot 
be profitably examined further by these 
techniques. It was also noticed that sample 
D was not stable over long periods at room 
temperature, there being major changes in 
the Mossbauer spectrum of the absorber 
after a lapse of some weeks. 

A sample annealed at 900°C under argon 
(sample E) was also substoichiometric, 
Sr2CoFe04.93, but the X-ray and Moss- 
bauer data were more representative of a 
brownmillerite. The area of the tetrahedral 
site pattern was 48%, indicating a more 
random distribution than that found after 
annealing at 800°C under argon. However, 
the added complication of nonstoichiome- 

try makes it difficult to carry out any ther- 
modynamic investigation of the cation 
redistribution process. 

We shall now discuss the evidence for 
the existence of microdomains in sample A 
quenched in air from 1200°C. In mag- 
netically ordered solids, the strong spin- 
exchange interactions result in an average 
value of the spin (8,) along the direction of 
magnetisation z which has a long relaxation 
time (sloe7 set) because the cooperative 
interactions are long-range. In the Moss- 
bauer spectrum the result is a static hyper- 
fine splitting at all temperatures below the 
ordering temperature. However (S,) is not 
strictly a static quantity and within each 
magnetic domain fluctuates with a relax- 
ation time r = 7. exp(KV/kT) where kT is 
the thermal energy, V is the volume of the 
domain, and K is the energy per unit vol- 
ume (29). Thus the relaxation time can be 
decreased by decreasing the volume of the 
domain or by raising the temperature. If7 = 
10m7 set then a partial collapse of the Moss- 
bauer hyperfine splitting occurs, and there 
is total collapse if 7 4 10e7 sec. The classic 
demonstration of this is in fine-particle ox- 
ides where particle sizes of ~200 A can 
cause such a collapse (18), although the 
finer details of the relaxation are often 
obscured by a distribution in particle size 
and a consequent distribution in the relax- 
ation time. The presence of microdomains 
in the brownmillerite lattice with a size of 
~200 A may be expected to result in relax- 
ation effects in an exactly analogous way. 
Furthermore, the X-ray diffraction pattern 
of such a material will show an apparent 
cubic symmetry because the scattering 
experiment takes a spatial average over 
-200 A. 

There is much good evidence for the 
existence of microdomains in this type of 
oxide, although Mossbauer spectroscopy 
has not often been used in their character- 
ization. Alario-Franc0 et al. (20) observed 
a microdomain texture in the solid solution 
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Sr,Nd,-,Fe03-, reduced in argon. The 
X-ray diffraction pattern appeared cubic, 
but the eIectron diffraction data showed the 
existence of tetragonal microdomains inter- 
grown in three dimensions with an average 
size of about (50 A)3. The compound 
CazLaFe3Os has a structure which is 
ideally an intergrowth of the perovskite and 
brownmillerite structures such that layers 
of cations in tetrahedral coordination al- 
ternate with two layers of cations in octahe- 
dral coordination. Annealing at 1400°C in 
air and then quenching produced an oxi- 
dized material which was cubic to X-rays, 
but electron diffraction data including elec- 
tron micrographs revealed the existence of 
a three-dimensional intergrowth of micro- 
domains of the parent phase (21). It was 
also suggested that the oxygen excess in 
this material is accommodated within the 
domain walls, i.e., the smaller the domains 
the greater will be the oxygen excess. In 
the calcium-rich solid solution, Cal-, 
La,FeO,-,, the reduced samples show a 
disordered intergrowth of the Ca2Fe205 and 
CazLaFejOs compositions such that local 
compositions are very heterogeneous, and 
a variable amount of oxygen deficiency can 
be accommodated as the Ca/La ratio 
changes. In the oxidized samples quenched 
from high temperature, brownmillerite-type 
microdomains were observed with a size of 
-(lOO A)3. The micrographs show a regular 
fringe separation within each microdomain, 
and oxygen excess is believed to be in the 
domain walls (22). The CaFe,Mni-,03-, 
solid solution shows even more complex 
behavior with six or nine sets of micro- 
domains observed by intergrowth of 
CaZFezOS-like domains and CaMnOrlike 
domains (23, 24). The temperature depen- 
dences of the Mossbauer spectrum and the 
magnetic susceptibility of the composition 
Ca3Mn1,35Fei,6508.0z (25) are very similar to 
those of Sr.$ZoFeOS, although Nguyen et al. 
chose to explain their results by invoking 
the phenomenon of magnetic frustration, 

rather than microdomain formation. Fi- 
nally, the brownmillerite Sr2Fe20s has been 
observed to show a cubic X-ray pattern 
above 85O”C, and a structural model has 
been proposed in terms of microdomain 
formation, but without oxygen excess in 
the domain walls (14). 

There is very clear evidence for microdo- 
mains in the electron micrographs of sev- 
eral of these materials which are all struc- 
turally related to Sr&oFeOS. We are 
confident that the Mossbauer spectroscopic 
data for the partially oxidized sample A 
also show the existence of microdomains in 
this system. The apparent mixed cubic/ 
brownmillerite X-ray pattern, together with 
the Mbssbauer data, suggest a domain size 
of -(150-250 A)‘. However, the spectra of 
the fully reduced samples quenched in liq- 
uid nitrogen (B) and annealed at 800°C in 
argon (C) show no evidence for relaxation 
effects even at 290 K, and the X-ray pat- 
terns are those of a highly crystalline 
brownmillerite; it may thus be presumed 
that the effective domain size in these 
samples is %(200 A)‘. This would suggest 
that the microdomains in sample A are 
produced by the accommodation of excess 
oxygen in the domain walls, i.e., the micro- 
domains are produced during the diffusion 
of oxygen into the lattice during quenching, 
and are therefore not in thermodynamic 
equilibrium with the phase. In view of this 
conclusion, it is necessary to question 
whether the microdomains produced in 
some of the other systems are in true ther- 
modynamic equilibrium at high tempera- 
tures, or whether they are an artifact of 
oxidation during quenching. 

A second pellet of “Sr&oFeOS” 
quenched in air from 1200°C was examined. 
About 20 mg was carefully scraped off from 
the surface of a 2-g pellet to give a Moss- 
bauer sample representative of the surface 
layer (sample F). The pellet was then 
abraded to about half its original size, and 
then powdered to give a sample representa- 
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FIG. 4. The “Fe Miissbauer spectra of a pellet 
quenched in air from 1200°C: a surface sample F at (a) 
290 K and (b) 78 K and the inside sample G at (c) 290 K 
and (d) 78 K. 

tive of the inner region (sample G). Both 
samples were examined by Miissbauer 
spectroscopy (Fig. 4). Sample G proved to 
be very similar to sample A, confirming that 
the earlier data were closely representative 
of the bulk, and that microdomains perme- 
ated the whole pellet. The main difference 
seems to be a greater brownmillerite com- 
ponent in the spectrum of sample G at 290 
K, which is consistent with larger microdo- 
mains in the center of the pellet. The sur- 
face sample (F) proved to contain much 
less brownmillerite and showed that oxida- 
tion at the immediate surface produced a 
new phase, presumably a perovskite. The 
Massbauer spectrum at 290 K still shows 
faint traces of brownmillerite. The spec- 
trum at 78 K is a diffuse magnetic pattern, 

but with distinct features which are not 
apparent in the equivalent spectrum from 
samples A and G. The diffuse background 
to the 78 K spectra of both these samples 
can be attributed to the iron cations in the 
domain walls. As the domain size decreases 
below (200 &3 the proportion of cations in 
the walls increases rapidly. Estimates 
based on a simple model show that cubes of 
volume (50, 100, 200 A)’ have 39, 21, 11% 
of the cations at the surface of the cube, 
respectively. The spins of these cations will 
not be strongly coupled to any particular 
domain and can be predicted to contribute a 
broad relatively featureless background to 
the spectrum at 78 K as indeed is observed 
in Figs. 1 and 4. Furthermore, if the elec- 
tron deficit is also accommodated on these 
cations, the maximum value of the mag- 
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FIG. 5. The “Fe MZjssbauer spectra of a preparation 
of Sr2Fe205 quenched in air from 1200°C at (a) 290 K, 
(b) 210 K, (c) 180 K, and (d) 78 K. 
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netic hyperfine field which they can pro- 7. T. TAKEDA, Y. YAMAGUCHI, S. TOMIYOSHI, M. 

duce will be significantly less than in the FUKASE, M. SUGIMOTO, AND H. WATANABE, J. 

brownmillerite bulk. Phys. Sot. Japan 24,446 (1968). 

The compound Sr2Fe205 also shows sub- 8. R. W. GRANT, S. GELLER, H. WIEDERSICH, U. 

stantial oxidation when quenched in air 
GONSER, AND L. D. FULLMER, J. Appl. Phys. 39, 
1122 (1968). 

from 1200°C with an X-ray pattern very 9. S. GELLER, R. W. GRANT, U. GONSER, H. 

similar to that of samnle A. However, an WIEDERSICH, AND G. P. ESPINOSA, Phys. Lett. 

examination by Massbauer spectroscopy 20, 115 (1966). 

has found no evidence for microdomain 10. T. TAKEDA, Y. YAMAGUCHI, AND H. WATANABE, 

behavior. Typical spectra are shown in Fig. 
J. Phys. Sot. Japan 33, 970 (1972). 

11. C. GREAVES, A. J. JACOBSON, B. C. TOFIELD, 
5, and by comparison with earlier work on AND B.E.F. FENDER, Acta Crystallogr. Sect. B 

this phase (16) it can be seen that the data 
are consistent with a two-phase perovskite 
+ brownmillerite reaction product. In par- 
ticular, the increase in intensity of the 
brownmillerite component with decreasing 
temperature is small enough to be com- 
patible with an increase in the recoilless 
fraction; the perovskite phase becomes 
magnetic below -210 K and produces new 
hyperfine lines which are clearly visible, 
and there is no evidence for any diffuse 
components in the background. 
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