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A puresample of a hexavalent iron compound, BaFeO,, was decomposed at temperatures below 1200°C at
oxygen pressures from 0.2 to 1500 atm. In addition to the already known BaFeO; (2.5 = x < 3.0) phases
with hexagonal and triclinic symmetry, two new phases were obtained as decomposition products at low
temperatures. One of the new phases, with composition BaFeO; ¢1-2.71, has tetragonal symmetry; lattice
constants are a; = 8.54 A, ¢, = 7.29 A The phase is antiferromagnetic with Néel temperature estimated to
be 225 + 10 K. Two internal fields observed on its Mdssbauer spectra correspond to Fe* and Fe**. In
the other new phase, with composition BaFeQ, 5, all Fe* jons had the same hyperfine field; it too is
antiferromagnetic with a Néel temperature of 893 + 10 K. Mdssbauer data on the hexagonal phase
coincided with earlier results of Gallagher, MacChesney, and Buchanan [J. Chem. Phys. 43, 516 (1965)]. In
the triclinic-I BaFeO, s, phase, internal magnetic fields were observed at room temperature, and it was
supposed that there were four kinds of Fe3* sites. The phase diagram of BaFeO, system was determined

as functions of temperature and oxygen pressure.

Introduction

For compounds containing Fe?* or Fe** ions,
numerous investigations have been made. Only
a few compounds containing tetra- or hexavalent
iron ions have been reported. K,FeO,, SrFeO,
and BaFeO,, containing hexavalent iron, have
been synthesized and their physical properties,
particularly magnetic ones, measured (I-6).
Compounds containing tetravalent iron include
cubic and tetragonal SrFeO, (2.5<x=3.0)
phases with perovskite structure and several
phases in the BaFeO, (2.5 < x < 3.0) system.

The present author, with others, earlier
reported the preparation and magnetic proper-
ties of some pure hexavalent iron compounds
(5-7). A study of the decomposition products
of K,FeO, (7) showed no intermediate valence
states between Fe®* and Fe3*.

In this paper, the decomposition products of
BaFeO, will be reported. A few results have been
described previously (3, 8, 9). Scholder et al.
(3, 8) reported that BaFeO, with perovskite
structure was obtained by heating BaFeO, at
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temperatures from 750 to 800°C in an oxygen
atmosphere. The compound BaFeO, (2.5=x
< 3.0), so-called “barium orthoferrate,”” has been
investigated by several authors (10-22). Van
Hook (12) studied the phase relations of the
BaFeO, (2.5 £ x < 3.0) system by X-ray powder
patterns and by thermogravimetric methods. His
samples were prepared by ordinary ceramic
methods from reaction of BaCO, and a-Fe,0,; at
various oxygen pressures and temperatures. He
found that the hexagonal phase, which is iso-
morphous with the high-temperature polymorph
of BaTiO;, was stable at low temperatures over a
wide range of oxygen pressures. It transforms to
an unidentified phase of composition BaFeO, 5o
at higher temperatures (above 915°C in air).
Gallagher, MacChesney, and Buchanan (13), and
MacChesney et al. (/4) prepared hexagonal
compounds with various oxygen contents ranging
from BaFeO,  , to BaFeO, 4. They studied
susceptibility, and resistivity properties of these
phases at various temperatures. They identified
the phase BaFeQ, s, as being isomorphous with
orthorhombic brownmillerite. Subsequently,
Mori (15) found that the powder pattern of
BaFeO, 5, could be indexed well in terms of
triclinic symmetry, and named this the triclinic-I
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phase. Besides the hexagonal and triclinic-I
phase, he prepared new phases of triclinic-II
and cubic-tetragonal BaFeO, by annealing the
triclinic-I BaFeO,_s, phase at lower temperatures.

It is found in these reports that the crystal
structure of BaFeO, compounds obtained by
annealing at temperatures lower than about
500°C depends on the starting BaFeO, phase.
Though true equilibrium product phases must be
independent of the starting material, metastable
phases often appear at low temperatures. In
addition to being interested in the iron valency
in the decomposition products of BaFeQ,, the
present investigation was made to determine the
low-temperature equilibrium phases in the
BaFeO, system. As a starting material, BaFeO,
has definite merits. The atomic ratio of Ba to Fe
is equal to that in the decomposition products
BaFeO,, and the equilibrium state should be
attained more rapidly in BaFeO, fine particles
than with other reagents previously used.

This paper describes experimental phase
relations of products obtained by the thermal
decomposition of BaFeO, heated under oxygen
pressures from 0.2 to 1500 atm at temperatures
below 1200°C. After confirming that each of
products consisted of a single phase belonging
to BaFeO, (2.5 < x < 3.0), the formation range
of each phase was determined as functions of
temperature and oxygen pressures. In addition
to the hexagonal and the triclinic-I phases, two
kinds of new BaFeO, phases were found at low
temperatures. By observing transformations
among the four phases, the equilibrium forma-
tion diagram was determined. X-Ray diffraction
and Mossbauer effect measurements were made
to characterize each of the products.

Sample Preparation and Measurements

The starting material BaFeO, was prepared
according to the method of Scholder et al. (3)
from a pure sample of K,FeO, obtained by a
previously reported procedure (6, 7). A solution
of K,FeO, in 2%, KOH was added to a solution
of Ba(CH;COO),, and the precipitated BaFeO,
was washed well with distilled water. All reac-
tions were made at about 0°C to avoid reduction
of Feb* ions. Distilled water with no trace of
CO, was used to prevent forming BaCO;. The
precipitate was isolated from water by using a
centrifugal separator and dried in a desiccator.
BaFeO, particles were granular with a diameter
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of about 0.05 um. By X-ray diffraction, the sample
was confirmed to be a single phase of BaFeQ,.
Measurements of magnetization and Mdssbauer
effect at 80 K confirmed the absence of ferro-
magnetic impurities and of any iron valence
state other than hexavalent (6).

The pure samples of BaFeO, were heated
under oxygen pressures from 0.2 to 1500 atm.
In the case of heating in air or oxygen at 1 atm,
the samples were spread thinly on a boat made of
porcelain or platinum and heated below 1200°C
for 50 hr before rapid cooling to room temper-
ature. Though the heating period was prolonged
to 1500 hr, no difference was detected in the
products. In the case of heating under high
oxygen pressures, the samples were held in a
test tube of silica or gold and were put in a
cone-sealed hydrothermal reaction vessel made
of Stellite. These samples were quenched in cold
water with the reactor under pressure after being
kept at temperatures below 900°C for 50 hr
under oxygen pressures of less than 1500 atm.

Phase identifications of the obtained products
were made by X-ray diffraction techniques.
Mossbauer effect measurements were carried out
using an apparatus consisting of Elron’s driving
unit, AME-20, and Northern Scientific Co.’s
1024 channel pulse height analyzer, NS-600.
The temperature of the absorber was varied
between 4.2 and 903 K. The gamma ray source,
57Co in Cu metal, was always kept at room
temperature. Calibration of the velocity scale
was made using pure Fe and «-Fe,O; as standard
absorbers. Isomer shift is expressed relative to
pure Fe metal. The ratios of Fe3* to Fe** ions,
isomer shifts, quadrupole splittings and other
magnetic properties of the products were
estimated from these 3"Fe Mossbauer spectra by
using Curve Resolver-310 (Du Pont Co.).

Results and Discussion

I. X-Ray Diffraction Measurements

By X-ray analysis, it was found that four
kinds of compounds were obtained by heating
BaFeO, at temperatures below 1200°C in air.
X-Ray diffraction patterns of these four com-
pounds are shown in Fig. 1. The identification
was made by comparing these diffraction
patterns with reported data (10, 11, 14-22). It was
found that the compound obtained at temper-
atures above 950°C in air was the triclinic-I
BaFeO, 5o, indexed by Mori (I5), and the
compound obtained between 750 and 900°C
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TABLE 1
X-RAY DIFFRACTION POWDER DATA OF THE TETRAGONAL
BaFeOz.u“
29cnbs (o)b lldo%s I/dcil (h k 1)
0.0728 0.0736 201)
0.1038 0.1026 112)
0.1233 0.1233 G300
46.970 0.1693 0.1693 ©03)
0.1839 0.1830 (103)
0.1965 0.1967 (113)
0.2274 0.2241 203)
0.2453 0.2466 330
63.220 0.2928 0.2926 (303)
0.2928 “421)
65.020 0.3079 0.3081 “412)
66.400 0.3196 0.3218 332
70.040 0.3510 0.3492 422
72.240 0.3704 0.3750 G511
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Fic. 1. X-Ray diffraction powder patterns of the
products obtained by heating BaFeO, in air at 1100°C(A),
800°C(B), 600°C(C) and 400°C(D). Fe-Ku radiation.

was the hexagonal BaFeQO, (2.5 <x <3.0) re-
ported as isomorphous with high temperature
BaTiO; (/I). Gallagher, MacChesney, and
Buchanan (13), and MacChesney et al. (/4) had
reported that the compound BaFeO, 5, obtained
by heating BaFeO, at temperatures above
915°C in air was isomorphous with brown-
millerite (4CaO - Fe,0;- Al,0;) with space group
Pcmn (*°Q,s). The present data are inconsistent
with his result, but agree with the result by
Mori. The other two phases, formed at lower
temperatures, have not been previously reported.
As shown in Table I, the X-ray powder pattern of
the lower temperature phase can be indexed in
the tetragonal system. The powder pattern of the
other unknown phase, formed in the temperature
range between 520 and 700°C in air, could not be
indexed as cubic, tetragonal or hexagonal. 1t
was confirmed, however, by careful examination
of its X-ray pattern that the relative intensities
of the X-ray diffraction peaks were always
constant and any other barium compound such
as barium oxide did not exist in the products
obtained between 520 and 700°C in air. As

“q,=8.54A;¢, =729 A.
b FeKux radiation.

described below, it was proved by Mdossbauer
effect measurements that only one kind of iron
compound existed in the product. Therefore, it
was concluded that the product obtained
between 520 and 700°C in air consisted of single
phase with lower symmetry than tetragonal or
hexagonal.
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FiG. 2. Formation diagram of the products obtained by
heating BaFeO, at various temperatures and oxygen
pressures. (@) tetragonal phase; (@) low temperature
BaFeO, s phase; (0) hexagonal phase; (@) triclinic-I
phase.
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All of the products obtained under high-
oxygen pressures were identified by X-ray
diffraction as one of the four kinds of decompo-
sition products obtained in air. The formation
range of each phase is given in Fig. 2 as functions
of temperature and oxygen pressure. It was
confirmed by careful examination of X-ray
patterns that each of the four compounds was a
single phase. As described below, the atomic
ratio of Ba and Fe is unity in all of the four
phases, i.e., they belong to the BaFeO, system.

II. Mossbauer Effect Measurements

1. Tetragonal phase. M6ssbauer spectra of the
tetragonal compounds formed by heating at
various conditions are shown in Fig. 3 and Fig. 4.
Mossbauer spectra measured at 4.2 K exhibit
magnetic hyperfine interactions with two sets
of six lines. According to previously reported

X1 0¢ Counts
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R N
Velocity mm/sec

FiG. 3. Méssbauer absorption spectra of ’Fe measured
at room temperature in the tetragonal compounds
obtained by heating BaFeO, at 400°C in air(A), in 1
atm of oxygen(B) and under the oxygen pressures of 1500
atm(C).
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Fic. 4. Mossbauer absorption spectra of 5’Fe in the
tetragonal BaFeO, ;, measured -at various temperatures.

data, the magnitudes of internal magnetic field
of Feb*, Fe** and Fe3* are 130-140 kOe (5, 6),
160-330 kOe (I3, 23, 24) and 450-550 kOe,
respectively. Shimony and Kundsen (25) sum-
marized the correlation between the isomer shift
and the valency state of the iron as follows:
The isomer shifts of Fe®*, Fe**, Fe3t and Fe?*
are —0.85 + 0.03 mm/sec, —0.02 + 0.03 mm/sec,
+0.4 + 0.2 mm/sec and +1.254+0.1 mm/sec,
respectively. Judging from the internal magnetic
fields and isomer shifts, two sets of six lines
observed in the tetragonal compounds corre-
spond to the absorptions of Fe** and Fe** ions,
respectively. The internal magnetic field of 510
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kOe is due to Fe?* ions and the other of 248
kOe to Fe**. As is shown in Fig. 3, the ratio of
Fe* to Fe** ions in the tetragonal compounds
was determined by measuring the areas under the
Mossbauer peaks with Lorentzian curves using
Curve Resolver-310 (Du Pont Co.). According
to these curve resolutions, the amount of Fe*+
in the tetragonal phase obtained by heating at
400°C in air or oxygen atmosphere is 229 of
total Fe, while that obtained at 400°C and oxygen
pressures of 1500 atm is 42%.

Oxygen analyses were attempted by a thermo-
balance, but weight loss was large and reliable
data were not obtained because of absorbed
water, gas, and such anions as carbonate and
acetate in the sample.

The paramagnetic spectra of Fe®* ions in all
the tetragonal compounds showed a quadrupole
splitting of 0.85 +£0.03 mm/sec and an isomer
shift of +0.20 + 0.03 mm/sec. The spectra of
Fe** ions in the tetragonal compounds formed at
high-oxygen pressures showed a quadrupole
splitting of 0.35 4+ 0.03 mm/sec and an isomer
shift of 0.00 4 0.03 mm/sec. Spectra of the same
phase formed at lower oxygen pressure were
singlet. All previous spectra of Fe** ions showed
no quadrupole splitting (13, 23-25), because
Fe** ions are normally surrounded by an oxygen
octahedron with cubic symmetry. The magnetic
transition temperature of the tetragonal com-
pound containing 42 %, Fe** was determined by
measuring the temperature variation of Moss-
bauer spectra. The results are shown in Fig. 4.
Though the spectra were not always very clear,
the vanishing point of internal magnetic fields
suggest that both the Fe ions have the same
magnetic transition temperature, corresponding
to a Néel point of 225+ 10 K.

2. Low-temperature BaFeQ, s phase. As before
mentioned, another new compound with un-
known crystal structure was obtained by heating
BaFeO, in air in the temperature range between
520 and 700°C (Fig. 2). As the color of the
particles is pale brown, it was suspected that the
compound contains no Fe**. The M&ssbauer
spectrum obtained at room temperature is shown
in Fig. 5. Judging from the isomer shift and the
internal magnetic field (470 kOe at room temper-
ature), it is concluded that all of Fe ions are in a
trivalent state; accordingly, the composition of
this phase is BaFeO, ;. Hereafter, we call this
phase the low-temperature BaFeO, s phase. To
determine the magnetic transition temperature
of the new phase, temperature variation of
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Fic. 5. Mossbauer absorption spectra of 5’Fe in the
low-temperature BaFeO;. s phase measured at 293 and
903 K.

Mossbauer spectra was measured. The para-
magnetic spectrum obtained at 903 K is shown in
Fig. 5 and a temperature vs internal magnetic
field curve is shown in Fig. 6. The Néel temper-
ature of this phase is estimated to be 893 + 10 K.

3. Hexagonal phase. Gallagher, MacChesney,
and Buchanan (13) reported Mssbauer spectra
of the hexagonal BaFeO, phase. Our Mdssbauer
data for this phase are in good agreement with
theirs. The spectra of the phase obtained by
heating at 800°C in oxygen atmosphere are
shown in Fig. 7. From magnetic measurements,
Mori (I5) had predicted that some of Fe®*
and Fe** ions in the hexagonal phase were in a
low-spin state. In the M&ssbauer spectra ob-
served on the hexagonal BaFeO, phase at
4.2 K (Fig. 7), only two kinds of internal magnetic
fields appeared. In either case of tetrahedral
and octahedral coordination, the spin values of
Fe3* in a low- and high-spin state are 1/2 and
5/2, respectively. On the other hand, those of
octahedrally coordinated Fe** in a low- and
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Fic. 6. The temperature dependence of the internal
magnetic field in the low-temperature BaFeO, s phase.
T is 893 K. (—) the Brillouin function for .S = 5/2.

0 02 04 06

4
8 ?<10 Counts

NS e S 2 R
St A
Ry, &
77+ F $
K3 :.'{\
s -(..
16+ t
e
s L at 293°K
75 v

2 4 0 1 2
Velocity mm/sec

x1 04 Counts

-8 -4 0 4 8
Velocity mm/sec
F1G. 7. Mossbauer absorption spectra of 5’Fe measured

at 293 and 4.2 K in the hexagonal BaFeO,. obtained by
heating BaFeO, at 800°C in 1 atm of oxygen.
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high-spin state are 1 and 2, respectively. There
has been no report, however, on the existence of
Fe** ions in a low-spin state. Judging from the
magnitude of internal magnetic fields (482
kOe for Fe3* and 240 kOe for Fe** ioms), it
seems that both Fe** and Fe** are in high-spin
states. The observed value for Fe** jons is smaller
than the usual ratio of 110 kOe/up, which is
observed in the case of ionic Fe?* or Fe3*
compounds. The reduction is possibly due to the
covalent bond formation between Fe** ion and
surrounding oxygens. Such reductions of internal
magnetic field resulting from the covalency
have been reported in the case of Fe®* (5, 6) and
Fe*t compounds (13, 23, 24).

4. Triclinic-I phase. Mossbauer spectra of the
triclinic-I phase measured at room temperature
and 4.2 K are shown in Fig. 8. The magnitude of
isomer shifts and internal magnetic fields suggests
all the iron ions in the triclinic-I phase are tri-
valent; this is consistent with the phase’s brown
color. The composition is concluded to be
BaFeO, 5. The Mossbauer spectra of the triclinic-
I phase can be divided into two groups of six line
absorptions. One of the outermost absorptions
splits into a triplet; so, there might be four
kinds of Fe sites in the triclinic-I phase.

IIT. Interchange Among Decomposition Products

Among the four kinds of compounds obtained
in this work by heating BaFeO, at various
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F1G. 8. Mdssbauer absorption spectra of 5’Fe in the

triclinic-I BaFeO; so phase measured at 293 and 4.2 K.
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conditions, only the triclinic-I and hexagonal
phases have been previously identified in the
BaFeO, (2.5 £ x <3.0) system. X-Ray diffrac-
tion and Mdssbauer effect measurements on the
other compounds obtained by low-temperature
decomposition of BaFeO, verify that they
are single phase and belong to the same BaFeO,
(2.5=x<3.0) system. The basis for these
conclusions are as follows: It was proved by
Maossbauer effect measurements that only one
kind of iron compound existed in each product.
The relative intensities of X-ray diffraction peaks
in each product were independent of the heating
conditions and no other barium compound was
detected by X-ray diffraction.

The changes from the tetragonal phase and
the low-temperature BaFeQO, s phase to the
hexagonal BaFeO, phase are completed within
a few hours at such low temperatures as 620°C
in oxygen atmosphere and 720°C in air, re-
spectively. These rapid low-temperature changes
can be explained in that both of the new phases
belong to BaFeO, (2.5 £ x < 3.0) system; that
is, the changes are analogous to phase transforma-
tions.

Since the atomic ratio of Fe and Ba is always
unity in each of the decomposition products,
the number of components in this system can be
taken as two: (BaFe) and O. In a case where one
solid phase exists in an equilibrium state, there
are two degrees of freedom; and where two solid
phases coexist, the freedom is one. According to
Gibb’s phase rule, a product equilibrated at
certain temperature and oxygen pressure is of
single phase and there is a univariant equilibrium
between two solid phases in the temperature—
pressure diagram of the BaFeO, system. As
mentioned above, the present experimental data
follow the phase rule.

The phase transformations between adjacent
BaFeO, phases in Fig. 2 were examined by
heating each phase under conditions favoring
formation of adjacent phases. The results are
shown in Fig. 9. By heat treatment, the tetragonal
phase was transformed to the low-temperature
BaFeO, s phase in air at temperature between
520 and 700°C,; this is consistent with the stability
fields shown in Fig. 2. Both low-temperature
phases could be transformed to the hexagonal
phase by subjecting them to any condition
indicated in Fig. 2 as being in the equilibrium
range of the hexagonal phase. Each of the
phase transformations represented in Fig. 9
took place reproducibly at the appropriate phase
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Fi1G. 9. Phase transformations among several BaFeO,
phases. Each arrow shows the direction of phase transi-
tion.

boundary of Fig. 2. It is well known that the
formation range of a metastable phase is usually
indefinite and its phase transformation does not
take place reproducibly. Accordingly in this
sense, it seems that both of the new phases are
equilibrium phases in the low-temperature
range.

However, no reversed transformation was
detected by subjecting the hexagonal phase to
any condition in the formation range of either
low-temperature phase of Fig. 2. Similarly, the
low-temperature BaFeQO, ; phase was not trans-
formed by subjecting it to any condition in the
formation range of the tetragonal phase. More-
over, the low-temperature BaFeQO, s phase
which was obtained by heating BaFeO, at
between 520 and 700°C in air was not trans-
formed to the hexagonal phase even at 800°C
and oxygen pressures of 200 atm although it was
transformed at 620°C in 1 atm of oxygen or at
720°C in air. Because no reversible transforma-
tion is observed between the tetragonal phase,
the low-temperature BaFeQO, s phase or the
hexagonal phase, the formation ranges in Fig. 2
may not exactly correspond to the true phase
boundaries for the phase diagram of the BaFeO,
(2.5 £ x < 3.0) system. Presumably, the absence
of reversible transformations is because the high
temperature phases, i.e., hexagonal or triclinic-I,
undergo grain growth which further inhibits
solid state diffusion at lower temperatures.

The discovery of the two new low-temperature
phases in the present work can be attributed to
the atomic-scale distribution of Ba and Fe in
the fine grains of starting material BaFeO,.
This assumes that these phases have not been
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previously obtained by ordinary ceramic methods
because of low diffusion rates at the requisite
low temperatures. Bando (26) and Kachi,
Bando, and Higuchi (27) have shown that,
particularly in cases of the order—disorder
phenomena and phase transformations, atomic
diffusion takes place more rapidly in fine particles
than in large grains because vacancy concen-
trations are typically higher.

It can be concluded that both the hexagonal
and triclinic-I phases obtained at high temper-
atures are in equilibrium. Although no phase
transformation was detected by annealing the
hexagonal phase at lower temperatures (I2),
several phases were formed in the case of anneal-
ing the triclinic-I phase (I5). From X-ray
analysis, it is obvious that the triclinic-I phase
and all its low-temperature derivatives, such as
the cubic, tetragonal and triclinic-II phases, are
related to the perovskite structure. As is often
the case with metastable phases, for example,
y-Fe,0,, the formation ranges of low-temper-
ature derivatives are not definite. So, it is sup-
posed that the previously reported derivatives
of triclinic-I are also metastable phases formed
as a result of minor diffusion within the perov-
skite framework.

Considering the advantages of the starting
material BaFeO, for realizing equilibrium phases
at low temperatures and the reproducible
experimental results of forming both low-
temperature phases under definite conditions, it
is concluded that both are equilibrium phases.
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