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BaFeO;_, compositions (0.35 < y < 0.50) annealed in the temperature range 980 to 1050°C have been
investigated by means of electron diffraction and microscopy to resolve contradictory results from
previous X-ray diffraction data. For 0.46 <y < 0.50, the nonstoichiometry is accommodated through
the formation of microdomains. Each of these domains shows a superstructure of the cubic perovskite
structure with either a monoclinic symmetry (as observed in Ba,Fe,0s) or an orthorhombic symmetry
which is typical of a phase of composition 0.44 < y < 0.46. With increase in the amount of Fe** ((.35 <
y = 0.44), BaFeO;_, consists of a two-phase mixture of a 6H hexagonal phase and of the above

orthorhombic phase. The limit of pure cubic stacking seems to be y = 0.46.

Introduction

The BaFeO;_, system has been studied
extensively (/-10) in order to identify the
different phases BaFei’,Fei*0;_, as a
function of the anionic deficiency (y). In
most cases, these phases were described
using only powder X-ray diffraction data
(XRD), and contradictory results were ob-
tained.

In order to study how the nonstoichiome-
try is accommodated when the composition
varies, we have reinvestigated this system
by means of electron diffraction (ED) and
microscopy (TEM). Two different hexago-
nal structural types exist for y values lower
than 0.35 (11). For 0.07 =y < 0.13, a 12H-
hexagonal type appears (/2) isostructural of
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BaCrO; (13) while for 0.20 = y = 0.25, a
single 6H-type structure is observed (14),
isostructural with BaTiOs; (I5). For 0.25 =
y = 0.35, a phase of average composition
BaFeO, ;5 intergrows, in a disordered way,
with a cubic phase of composition close to
BaFeOMo (14)

On the other hand, an ED study of Ba,
Fe,0s, i.e., y = 0.50 (I6), has revealed this
phase to have a monoclinic symmetry with
unit-cell parameters which are a multiple of
those of a cubic perovskite subcell whose
values (17), refined using the profile analy-
sis method (18), are a = 6.969(1) A; b =
11.724(1) A; ¢ = 23.431(5) A; B = 98.74(1)°.

We describe in this paper a study, using
ED and TEM, of the BaFeO;_, system in
the composition range 0.35 <y < 0.50.
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Experimental

BaFeO;_, samples (0.35 < y < 0.50) were
prepared from decomposition of a solution
of barium and iron nitrates, at 890°C. A ma-
terial of BaFeO,ss composition was ob-
tained as described in Ref. (19). Annealing
for 48 hr at various temperatures led to the
compounds listed in Table I.

Total iron and barium in the samples
were determined using chemical analysis
and gravimetric method, respectively.

In order to know the stoichiometry of
each sample, the amount of Fe** was deter-
mined by titration with a K,Cr,O; solution
after the samples were dissolved in 3 N HC]
with an excess of Mohr’s salt.

Powder X-ray diffraction patterns were
performed on a SIEMENS-D500 diffrac-
tometer using CuKa radiation.

Electron diffraction and microscopy
were carried out on a JEOL 200CX electron
microscope equipped with a =30° goniome-
ter stage, kindly lent to us by the INPG,
Grenoble (France).

Results and Discussion

The average composition of the samples
is shown in Table I: it can be seen that the

TABLE I

MATERIALS SYNTHESIZED IN THE BaFeO;., SYSTEM
0.35 < y < 0.50)

T (°C) Fet* (%) Chemical composition

780 28 BaFCOZ,y,
800 26 BaFeOlsg
850 20 BaFEOZm
880 16 BaFeOz,g-,
900 12 BaFe02_56
950 8 BaFeO, s

1000 4 BaFeOZ,ﬂ

1050 288 BaFeO; 5.5

2 at% of total iron.
55 < 0.01.
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F16. 1. Powder XRD patterns corresponding to Ba
FeQ, ¢ (a) and BaFeQ,q (b) materials. Reflections
corresponding to the pseudocubic perovskite subcell
are marked with an arrow.

amount of Fe** decreases as the annealing
temperature increases. As previously men-
tioned (/4), materials in the composition
range BaFeO;g—~BaFeO,;4s have the 6H
perovskite structural type (I5), all their
powder X-ray diffraction (XRD) patterns
being similar to that of BaTiO;. When the
amount of Fe*' decreases, some differ-
ences appear in the XRD data. Thus, Figs.
1a and 1b show the diffraction patterns cor-
responding to BaFeO, 4 and BaFeO; ¢, re-
spectively. First, a broadening of the dif-
fraction maxima is observed with respect to
the 6H phase. On the other hand, an in-
crease in the relative intensity of the reflec-
tions corresponding to the pseudocubic
perovskite subcell (marked with an arrow)
is observed. Such differences can be more
clearly appreciated in Fig. 2. Thus, Figs. 2a
and 2c show, respectively, the diffraction
patterns corresponding to a 6H hexagonal
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FiG. 2. (a) Powder XRD pattern of 6H BaFeO, s
calculated using the profile analysis method. (b) Ex-
perimental XRD pattern of BaFeQ,¢. (c) Powder
XRD pattern of a hypothetical cubic perovskite “‘BaFe
0, calculated using the Rietveld method.

phase with BaFeO, 75 composition (unit-ce;ll
parameters: a = 5.689(6), ¢ = 13.96(1) A)
and to a hypothetical cubic perovskite “‘Ba
FeOs,” with a = 4 A, calculated using the
Rietveld method. Figure 2b shows the ex-
perimental pattern of BaFeO,q which
appears close to that of the cubic
phase.

In this way, the XRD patterns of both Ba
Fe0, ¢4 and BaFeO, 4 can be interpreted as
due to either the existence of a new hexago-
nal type with an increasing number of AQ;
layers with a cubic stacking compared to
the 6H type (see the description of these
structural types by Katz and Ward (20)), or
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to a phase mixture between a 6H hexagonal
phase and a cubic phase. A study by elec-
tron diffraction, which we will discuss fur-
ther on, is necessary to clarify this point.

In the powder XRD pattern of BaFeO, s;
(Fig. 3a), it can be seen that only very few
lines with low relative intensity, character-
istic of a hexagonal phase, remain. Broad
reflections could be indexed on the basis of
a cubic perovskite phase with a unit-cell
parameter a =~ 4.09 A.

The pattern of BaFeQ,ss (Fig. 3b) ex-
hibits a splitting of the intense 110, peak
and weak additional reflections can be ob-
served. This pattern could be indexed with
a tetragonal symmetry as previously re-
ported by M. Zanne (10) (a, == 2a., ¢, = 2a.,
a. being the cubic perovskite subcell pa-
rameter).

The XRD pattern of the BaFeQ, 5, sam-
ple is almost similar to the previous one,

110

20

50 40 30 20

Fi1G. 3. XRD patterns corresponding to (a) BaFe
0,57, (b) BaFeO, s, and {c) BaFeO; 5.5.
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the splitting of the line 110, being more no-
table.

The pattern of the BaFeQ;s, sample is
close to that cbserved in BaFeQ,; 54 but re-
flections corresponding to monoclinic BaFe
0,50 can be already detected. This is em-
phasized in the BaFeO, 5.5 XRD pattern
(Fig. 3¢) which appears very close to that of
monoclinic BaFeQ, 5 (indicated by arrows
in the figure). The peaks are, nevertheless,
broadened.

Due to the broadening of the diffraction
peaks in the BaFeO,¢—BaFeO,; 5545 sam-
ples, XRD data do not allow unambiguous
determination of symmetry. However,
since the reflections corresponding to the
hexagonal close packing have progressively
disappeared it scems that in this composi-
tion range the close packing is basically cu-
bic.

Further study of the accommodation of
the nonstoichiometry has been elucidated
using electron diffraction and microscopy.

BaFeO; sors—BaFeO; 54

Figure 4a shows the ED pattern corre-
sponding to the BaFeO,s, material along
the [111], zone axis; several sets of diffrac-
tion maxima can be observed. The corre-
sponding electron micrograph is given in
Fig. 4b. Several domains corresponding to
the monoclinic BaFeQO, s, material (dy =
23.4 A) (16) which intergrow with domains
of a phase whose interplanar distance is
around 10 A are seen.

In a previous study (2/), we have re-
ported that monoclinic BaFeO, 5, is beam
sensitive and suffers a nonreversible phase
transition during observation under the
electron beam. The cell parameters of
monoclinic BaFeO,s, are a multiple of
those of a perovskite cell (a.V3, 2a. V2,
a.V34) showing a 14-fold superlattice
along the (211)¥ direction of the cubic sub-
cell (16). After transformation under the
beam, the new phase seems to be an
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orthorhombic perovskite superlattice with
unit cell parameters ac\/§, a.\V2, a.Ve.
This phase exhibits a 6-fold superlattice
along the (211)¥ and equivalent directions
leading to a microdomain texture (217).

According to these observations and on
the basis of the domain texture observed in
Fig. 4b, the ED pattern of Fig. 4a can be
interpreted as the superposition of three
types of diffraction maxima:

(1) Very strong spots corresponding to a
cubic perovskite type substructure along
the [111]. zone axis.

(2) Another set of maxima which can be
interpreted as a superposition of three do-
mains of monoclinic BaFeO, 5, as schemat-
ically represented in Fig. 5, along the [100],
zone axis (subindex m refer to the mono-
clinic cell), showing a 14-fold superlattice
along (211)¥ and equivalent directions.

(3) A series of maxima corresponding to
three domains of the previously mentioned
orthorhombic phase, as schematically
shown in Fig. 6, where a 6-fold superlattice
along (211)¥ and equivalent directions is
seen.

This microdomain texture formed by the
simultaneous presence of domains of the
monoclinic phase and of the orthorhombic
phase, leads to XRD patterns with broad-
ened lines as previously described. The
presence of both phases seems to be de-
tected in these spectra since the relative in-
tensities of the peaks change with the com-
position; the pure monoclinic phase is only
obtained for BaFeO, s, (16).

BaFe02,54

With increase in the amount of Fe**, the
monoclinic phase disappears, as can be
seen in the ED pattern along [111]. of BaFe
O,.54 (Fig. 7a). All the spots can be indexed
according to the three domains of the
orthorhombic phase. The corresponding
electron micrograph (Fig. 7b) shows only
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FiG. 4. (a) ED pattern of BaFeO, 5, along the [ITT]C zone axis. (b) Corresponding electron micro-

graph.

the three domains of the orthorhombic
phase at angles of 60° according to the ob-
served fringes, which are along the g,
2121, and gi, directions.

By tilting around the (211)¢ axis, the
electron diffraction pattern along the [011],

zone axis is obtained (Fig. 8a). No more
than one domain is observed since in this
projection, as schematically represented in
Fig. 8b, only the 6-fold superlattice along
the (211)¥ direction is seen.

In agreement with ED results, the XRD
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F1G. 6. Schematic representation of the ED patterns corresponding to the three domains of
orthorhombic BaFeO, 5, following the (a) 251, (b) g7z, and (¢) gysi. directions,

pattern of BaFeO; 54 is likely characteristic
of a phase showing domains. Due to the
observed domain texture, the diffraction
peaks corresponding to the cubic sublattice
are broadened and even split, and addi-
tional weak peaks appear. Indeed, this pat-
tern can be indexed with the orthorhombic
cell parameters determined by ED data
(@=7A,b=357A4A,and ¢ = 10 A) but
refinement is not worthwhile as cell param-
eters are large and peaks little resolved as a
consequence of the domain texture.

At this point it is worth mentioning that
other perovskite-related ferrites (22-26)
showing a domain texture also gave XRD
patterns formed by relatively broad peaks
indexable with a cubic perovskite-type unit
cell, the real superstructure cell being de-
termined only by electron diffraction. The
formation of this phase is due to a random
distribution of structural entities; due to the
basic cube symmetry of the perovskite sub-
lattice, this can happen in any of the three
space directions.

When BaFeQ,; s, material is left for a few
minutes under the electron beam a progres-
sive decrease of the intensity of the super-
structure spots is observed. Figure 9a
shows the ED pattern along [111]. in the
course of the transformation and Fig. 9b the
same projection after complete transforma-

tion. Only the diffraction maxima corre-
sponding to the cubic subcell remain. It is
reasonable to think that the positions of
heavy atoms such as barium and iron re-
main almost unchanged. After transforma-
tion under the electron beam, oxygen va-
cancies are likely distributed at random
within the crystal and vacancy ordering of
the orthorhombic phase has disappeared.
Both phenomena obviously give cubic ED
patterns.

In a previous study it has been shown
that Ca,LaFe;04., reduces under the elec-
tron beam into two perovskite-related line-
phases, Ca,Fe;Os and LaFeO;, which, un-
der these conditions, appear to be
thermodynamically more stable (25). In
such a process, the elimination of oxygen is
accompanied by the simultaneous diffusion
of calcium and lanthanum ions, which ac-
cording to available diffusion data are
somewhat more mobile than Fe ions (27,
28). In BaFeO, s, only diffusion of oxygen
ions must occur, as it is difficult to deter-
mine if a reduction process takes place
since no ordered material is obtained.

BaFe02‘5(,—BaFeOZ464

Two types of crystais are observed in the
BaFeO, s material. The first one, which is
by far the most abundant, shows ED pat-
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FiG. 7. (a) ED pattern of the BaFeO, s, material along the []“I‘T]c zone axis. Only weak superstruc-
ture spots of the orthorhombic phase are visible. (b) Corresponding electron micrograph showing three
sets of domains in which interplanar distances of 10 A are seen.

terns and micrographs similar to those pre-
viously described for the BaFeO;ss. The
second type are of the 6H structural type.
The amount of this phase is so small that it
cannot be observed by X-ray diffraction. It

is worth recalling that this XRD pattern,
indexed on the basis of a tetragonal phase
by M. Zanne (I0), corresponds in fact to
the orthorhombic phase.

A similar situation is observed in
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F16G. 8. (a) ED pattern of BaFeQ; 5, along the [011], zone axis. Very weak superstructure spots are
seen along the (211), direction. (b) Schematic representation of the (011), reciprocal plane.

BaFeO,s;, BaFeO,, and BaFeO,¢ sam- tioned above, this is reflected in the corre-
ples; the amount of the 6H phase gradually sponding XRD patterns characteristic of a
increases with the Fe** content. As men- two-phase composition range.

FiG. 9. ED pattern of BaFeO, s, along [111]. (a) at the beginning of the transformation under the
electron beam and (b) after complete transformation.
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Conclusion

According to these results, the 0.35 <
y < 0.50 composition range can be divided
into three domains:

—0.35 <y =0.44:
BaFeO; 65256
—0.44 <y = 0.46:
BaFe0;.56-2.54
—0.46 < y < 0.50:
BaFeO;.542.50+5

The orthorhombic phase only exists in a
very narrow composition range, 8 to 12%
Fe'* (0.44 < y = 0.46).

In a previous work (19), we have shown
that the limit of composition of the pure
hexagonal phase was BaFeQ, g5 (30% Fe4t).
We should note that for lower Fe** content,
no other structural type intermediate be-
tween the 6H and 3C seems to appear. We
think that either the orthorhombic phase or
the monoclinic phase have cubic close
packing, but vacancy ordering in these
phases is obviously different and still un-
known.
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