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Barium ferrite Ba,Fe,O; has been studied using various techniques. X-ray diffraction and TEM have
shown the phase to crystallize with a monoclinic symmetry, the unit cell being a complex supercell of
a cubic perovskite cell. The Mdssbauer resonance spectrum exhibits five sextuplets which have been
assigned to Fe’* in Oy, T;, and fivefold coordinated sites. Obviously Ba,Fe,Os does not adopt the
brownmillerite structure of homologous calcium (or strontium) ferrite and the oxygen vacancy ordering

is more complex. © 1990 Academic Press, Inc.

A recent reinvestigation of the BaFeO,_,
system has shown that a transition in the
structural stacking occurs in the vicinity of
y = 0.35 (i.e., with a Fe**/Fe’* ratio ca %)
(1). It has been attributed to the variation of
the so-called Goldschmidt tolerance factor
which increases with the Fe** content. For
y < 0.35, the symmetry is hexagonal of 12H-
or 6H-type according to y, while for y >
0.35, X-ray diffraction reveals a macro-
scopic cubic or cubic-related symmetry.
HRTEM observations in the composition
range 0.35 < y =< 0.50 have shown in fact
the occurrence of complex microstructures
resulting probably from a particular vacancy
ordering (2). They derive either from an or-
thorhombic phase with a composition close
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to BaFeO, s, or from the below-described
monoclinic structure of Ba,Fe,0Os (3).

Until recently A,Fe,O5 compounds (A =
Ca, Sr, or Ba) were considered as crystalliz-
ing with the orthorhombic brownmillerite
structure (4-6) though the X-ray diffraction
data for Ba,Fe,O; were somewhat contro-
versial (7-9). In a previous paper (3) we
have shown using TEM that the true unit
cell was actually not of brownmillerite-type
but characterized by a large monoclinic unit
cell deriving nevertheless from the perov-
skite one. In addition this compound under-
goes a beam-induced structural transition
leading to orthorhombic symmetry (10). In
both varieties the structure does not seem
to be directly related to the well-known
brownmillerite structure.

The present work is devoted to structural
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and physical characterizations of this mono-
clinic phase especially the Mdssbauer spec-
troscopy. The results are compared to those
previously obtained for the homologous cal-
cium and strontium ferrites.

Experimental

Ba,Fe,O; was prepared as previously de-
scribed (/): a stoichiometric mixture of
BaCQ,; and a-Fe,0, was finely ground, then
heated at 1100°C for 24 hr under pure N,
atmosphere and, finally, slowly cooled un-
der the same conditions (= 20°C/hr). The
obtained material was brown and it was ana-
lytically shown to be free from Fe**.

Taking into account the rather complex
X-ray diffraction pattern of this compound,
a refinement using the Rietveld method has
been tentatively carried out starting from
powder X-ray diffraction data collected on
a Siemens D-500 diffractometer.

In a first step, the space group has been
determined. Thus, on the basis of our pre-
viously published electron diffraction pat-
terns (3), the diffraction reflections are the
following:

—(hkl), without condition; —(h0l), | =
2n.2

Moreover additional observations have
been performed. For instance, Fig. 1 repre-
sents the electron diffraction pattern of Ba,
Fe,Os along the [102],, zone axis. Only the
k = 2nreflections along the (0k0) reciprocal
axis are observed.

Therefore, with a monoclinic symmetry,
all these diffraction conditions correspond
unambiguously to the P2,/c space group
an.

The relation between the monoclinic and
cubic perovskite reciprocal cells deduced
from the HRTEM observations (3) can be
expressed as follows:

2 The a* and c* axes should be inverted in the elec-
tron diffraction patterns of Ref. (3) in order to agree
with the international notation.

PARRAS ET AL.

F1a. 1. Electron diffraction pattern of Ba,Fe,Os along
the [102],, zone axis.
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As a consequence the relationship be-
tween both direct cells is

a 1 11
b| =]0 2 2 2)
c], 4 3 3||c .

The value of the determinant of this ma-
trix (|M| = 28) implies that the monoclinic
cell contains 28 perovskite subcells. A rep-
resentation of the real cells is given in Fig.
2.

In a second step the atomic positions have
been determined assuming (i) that the struc-
ture of Ba,Fe,O5 derives from a c.f.c.
““A0;” stacking, the atoms occupying the
same positions as in the cubic perovskite.

(ii) that the oxygen vacancies are ran-
domly distributed.

In such a way the atomic positions in the
monoclinic cell ([r,],,) have been determined
according to the following relation:
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F1G. 2. Schematic representation of the real monoclinic and cubic cells.

—I[r], = M - [r]., [r;]. being the atomic
positions of Ba, Fe, and O in the cubic per-
ovskite and M the matrix (1). This expres-
sion allowed us to locate the atoms in the
monoclinic cell as follows:

7 (Ba), 7 (Fe), 20 (O) in the general posi-
tion (¢) with multiplicity 4,

1 (O) in the special position (a) with multi-
plicity 2,

1(O) in the special position (b) with multi-
plicity 2.

On the basis of those assumptions, refin-
ing leads to some discrepancy between ex-
perimental and calculated X-ray diffracto-
meters as a consequence of the hypothesis
that the oxygen vacancies have not been
located. However the refinement of the cell
parameters and the assignment of the X-
ray diffraction peaks could be satisfactorily
carried out. In any case neutron diffraction
experiments are highly necessary.

The refined cell parameters are a =

6.969(1) A; b = 11.724(1) A; ¢ = 23.431(5)
A; a = 98.74(1)°. The final indexation is
given in Table I.

Maoéssbauer Resonance Study

As the absorption of y-rays is relatively
high in barium compounds, Ba,Fe,Os has
been doped with 'Fe brought in during the
preparation using 30% enriched a-Fe,0;.

The sample, sensitive to carbonatation as
well as to hydrolysis, was shut up in an
airtight cell schematically represented in
Fig. 3 which allowed us to collect the Mdss-
bauer data during several days. The material
was placed between two pieces of aluminum
foil covered with two mylar windows. The
whole was pressed between two copper
blocks constituting the sample holder.

The Mossbauer spectrum obtained at
room temperature is reported in Fig. 4a. It
characterizes a magnetically ordered phase
but is much more complex (there are about
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TABLE I

X-RAY DIFFRACTION DATA
FOR Ba,Fe,0O5

dobsd hkl I/Iobsd
10.43 001 4
4.136 121 12
4.044 123 24
3.860 031 <1
3.666 016 1
3.447 202 3
3.304 212 5
3.212 213 6
3.175 202 1
3.170 106 1
3.058 116 3
3.028 133 3
2.933 040 52
2.907 221 100
2.883 027 49
2.883 027 49
2.791 206 58
2.697 141 2
2.693 143 1
2.651 136 3
2.531 217 3
2.461 136 10
2.391 144 30
2.320 302 14
2.298 1010 13
2.265 234 5
2.066 208 35
2.020 246 64
2.001 314 1
1.981 0211 3
1.938 247 2
1.846 325 5
1.840 163 5
1.837 1211 5
1.821 342 5
1.812 0410 5
1.773 329 5
1.689 248 19
1.685 261 17
1.682 067 10
1.682 067 10
1.668 402 9

15 peaks) than those previously obtained
for the homologous Ca,Fe,Os and Sr,Fe,Os
phases of brownmillerite-type structure
(Figs. 4b and 4c) (12, 13). This spectrum
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required relatively long recording times, but
finally appears better resolved than those
published by previous authors (14, 15).

Taking account of the complexity of the
pattern—i.e., the presence of several sextu-
plets—the refinement was performed fol-
lowing several steps:

Mathematical refining. Assuming Lo-
rentzian lines with a half-width I' = 0.28
mm - s~ !, this refinement led to the determi-
nation of five sextuplets. The positions of
the lines show the presence of Fe** in both
octahedral and tetrahedral sites (as ex-
pected with respect to the homologous
phases) but furthermore in an additional site
(see arrowin Fig. 4a) with a chemical shift
intermediate between the previous ones.

Refining of the Mossbauer parameters. In
a second step a refinement was carried out
assuming a hyperfine field distribution. The
reliability factor obtained for each sextuplet
is relatively low with a ‘‘misfit factor’’ ca.
1.7%, leading to the conclusion of the pres-
ence of discrete sites, well-defined from a
crystallographic viewpoint.

The final results of the refinement are re-
ported in Table II.

Based on the values of the isomer shifts
and of the hyperfine fields, the following
assignments have been proposed: three oc-
tahedral sites, one tetrahedral site, and one
site with likely fivefold coordination with
regard to the values of 8 and H which are in
agreement with previously observed values
for Fe** in such a site (16).
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Fi1G. 3. Schematic representation of the Mdssbauer
resonance sample holder.
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FIG. 4. Méssbauer resonance spectra at room temperature for (a) Ba,Fe,0s, (b) Ca,Fe,Os, and

(c) Sr,Fe,05.

TABLE II
MOSSBAUER PARAMETERS OF Ba)Fe,05 AT 293 K

Site s(mm:-sec™) H(T) e(mm-sec™) A (%)
Octahedral 1 0.46 50.8 -0.07 14
Octahedral 2 0.45 49.5 ~0.25 15
Octahedral 3 0.44 472 -0.41 14
Tetrahedral 0.15 40.4 -0.07 42
Fivefold 0.23 2.9 0.32 15

Note. 5, isomer shift; H, hyperfine field; ¢, parameter directly related to
the quadrupole splitting; A, Fe atomic percentage in a given site assuming
identical recoilless fractions.

In addition the relative area of the peaks
shows the sites to appear with following pro-
portions:

—0, 1/7 + 1/7 + 1/7 =3/7
—T, 3/7
—fivefold 1/7

Such a distribution supposes the exis-
tence of seven (or of a multiple of seven) iron
atoms within the cell. This feature nicely
agrees with the observed crystallographic
cell which contains 28 Fe atoms. It seems
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FiG. 5. Thermal evolution of the reciprocal magnetic susceptibility of Ba,Fe,Os.

that only one tetrahedral site (T,) exists
whereas three octahedral ones (O,) have
been observed. The difference found for the
Mossbauer parameters is probably due to
the existence of variable cationic environ-
ments. Taking into account both the oxygen
stoichiometry (i.e., 1/6 oxygen vacancy per
motive) and the equal number of O, and T,
sites, one may conclude that the last site is
necessarily fivefold coordinated leading to
the developed formula:

Bay[Fe0;]),[Fe0,],,[Fe0, 51,04
= Ba23F628070 = B32F6205.

Magnetic and Electrical Properties

The magnetic behavior of Ba,Fe,Os has
been investigated using a Foner magnetom-
eter and a Faraday-type magnetic balance.
The thermal variation of the reciprocal mo-
lar susceptibility is reported in Fig. 5. It
characterizes an antiferromagnetic com-
pound whose Néel temperature is close to
720 K. Such a rather high ordering tempera-
ture value involves the existence of strong
magnetic couplings. Below Ty no ferromag-
netic component has been observed. The
paramagnetic domain shows an anomalous
variation of the magnetic susceptibility. The
experimental Cy and consequently 6, con-
stants are much larger (and even meaning-
less) than the theoretical values expected
for 2 Fe’* (3d%; Cy = 8.75) and even than
the values previously observed for the ho-

mologous compounds A,Fe,05 (A = Ca, Sr)
(Table III). This phenomenon has been ex-
plained for these compounds in terms of
thermal variation of the molecular field con-
stants related to the existence of strong mag-
netic interactions (I7). However, it should
be pointed out that Ba,Fe,O; behaves some-
what differently and one cannot compare
them carefully as the crystal and magnetic
structures of Ba,Fe,0; are still unknown.

In addition, at 880°C (= 1150 K), a mag-
netic transition, corresponding to a slight
increase of the susceptibility, is observed.
It is related to a structural monoclinic &
cubic transition identified by X-ray diffrac-
tion and D.T.A. It is likely similar to the
transition already observed in Sr,Fe,Os
18).

The electrical conductivity has been mea-
sured using the four probe method on a pel-
leted sample between 250 and 500 K. The
thermal evolution (Fig. 6) reveals a semicon-

TABLE III
MAGNETIC DATA OF THE A,Fe,05 (A = Ca, Sr, Ba)
PHASES
Material Ty (K) Cy (uem) 6p (K)
CGS

CazFezos 725 14.50 —-3100
Sr,Fe,0s 715 13.35 —2840
Ba,Fe,0; 720 (24.8) (-7075)
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F1G. 6. Evolution of the logarithm of electrical con-
ductivity of Ba,Fe,Os with reciprocal temperature.

ducting behavior with an activation energy
relatively high (AE = 0.35 eV) characteriz-
ing a strong electronic localization.

Conclusion

Both crystallographic results and Moss-
bauer resonance study obviously show that
Ba,Fe,O; differs significantly from Ca,
Fe,O5 or Sr,Fe,0;. However, it is worth-
while to notice that the high value of Ty,
close to those observed for the homologous
compounds (Table IlII), implies that the
magnetic interactions are of the same order
of magnitude, i.e., as expected from super-
exchange-type 180° Fe3*-O-Fe** interac-
tions. Therefore, as previously suggested
from the X-ray diffraction investigation of
the BaFeO;_, system, this result supposes
that the structure of Ba,Fe,Os derives from
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a cubic ‘‘BaQ;”’ stacking. Indeed, had the
structure been related to a hexagonal stack-
ing, the interactions would proceed through
common faces (or edges due to presence
of vacancies) and consequently would be
weaker leading to a lower Néel temperature.

Unlike the results concerning homolo-
gous calcium and strontium ferrites and pre-
vious data relative to Ba,Fe,Os, our Mgss-
bauer study shows the presence of an
additional fivefold coordinated site. From a
crystallographic point of view, as previously
described by S. Komornicki et al. (19), the
existence of tetrahedral sites in perovskite-
related ferrites implies vacancy ordering
along rows (as in Ca,Fe,O; and Sr,Fe,0s)
whereas the formation of fivefold coordi-
nated sites requires isolated oxygen vacanc-
ies. Consequently we can conclude that the
vacancy ordering in Ba,Fe,O; is certainly
different from that observed in the brown-
millerite compounds, resulting in a complex
monoclinic unit cell.

Comparative Mossbauer resonance data
are given in Table IV. It should be pointed
out that the values of the hyperfine fields for
the O, and T, sites are similar in the three
phases in agreement with close Néel tem-
peratures. But the isomer shifts (§) mark-
edly differ; the 8o, value is higher in Ba,
Fe,O; which could be attributed to less co-
valent (i.e., longer) (Fe~O)o, bonds proba-
bly as a consequence of a dilatation effect
resulting from the big size of barium. Re-

TABLE 1V
MOSSBAUER RESONANCE PARAMETERS AT 293 K For Ca,Fe,0s, Sr,Fe,O5, AND Ba,Fe,0;

3o, Hy A S, H,, A Ofivefold Hyetona A
(mm - sec™) (T) (%) (mm - sec™ ) (T) (%) (mm - sec™ Y (T) (%)
Ca,Fe,0; 0.37 509 49 0.21 29 sl
Sr,Fe,0; 0.36 85 47 0.21 403 53
0.44 47.2
Ba,Fe,0s 0.45 49.5 43 0.15 40.4 42 0.23 4.3 15
0.46 50.8
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versely the lower &r, value would corre-
spond as a counterpart to an enhanced cova-
lency of the tetrahedral sites. But such con-
clusions should be ascertained by careful
structural determination.
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