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Abstract

The BaFeO, o5 oxide has been obtained from thermal decomposition of the [BaFe(C3H,04),(H,0)4] metallo-organic precursor at
800 °C under atmospheric oxygen pressure as small and homogeneous particles. From electronic paramagnetic resonance data, a
metallic behavior in the 230-130 K temperature range has been observed. Magnetic measurements confirm the existence of a ferro-
antiferromagnetic transition at 178 K. The magnetic properties of the BaFeO, 95 oxide are strongly dependent on both temperature
and magnetic field with a metamagnetic behavior. The synthesis conditions play an important role on the morphology and the
electrical and magnetic properties. The syntherization of the sample produces a dramatic change in the transport properties and the

existence of conductivity disappears.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The study of perovskite-related mixed oxides has
raised a high interest due to the variety of their magnetic
and electrical properties. In the case of the BaMO;_,
(M = Mn, Fe, Co) oxides, the high size of the Ba’*
cation and its basic nature allow the presence of
transition metallic cations in high oxidation states
(+1III, +1V). These kinds of oxides usually exhibit
hexagonal stacking of the perovskite structure, where
chains of face-sharing octahedra running parallel to the
c-axis with short M—M distances. With increasing the
size of the M metallic cation, cubic arrangement also
appears, breaking the chains of face-sharing octahedra
and showing a clear example of politypism [1-3]. The
oxygen-deficient phases tend to adapt the anionic
vacancies through oxygen-deficient cubic layers. Face-
sharing octahedra are not very usual in ionic solids and
present the possibility of achieving magnetic arrange-
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ments at high temperatures and anomalous electrical
properties [4], as it permits very strong M-O-M
exchange interactions.

The iron perovskite-related oxides have been mainly
investigated in relation to their electrical properties. The
barium ferrates comprise a series of compositions
exhibiting a wide range of oxygen deficiency. The more
oxidized members in the BaFeO;_, system have been
only obtained under high oxygen pressures and basically
crystallize in the hexagonal system with presence of face-
sharing and corner-sharing octahedra [5]. All of them
show antiferromagnetic interactions together with a
semiconductor behavior by hopping. In the case of the
BaFeO, 95 phase, a magnetic study carried out some
years ago proposed a change in the electrical properties,
simultaneous to a ferri-antiferromagnetic transition
[6,7]. The phases with greater oxygen deficiency exhibit
larger lattice parameters and smaller transition tem-
peratures. It has been proposed that the magneto-
electrical properties of these phases come determined by
the indirect interaction between the iron cation and the
oxygen anion in the lattice. If this interaction is weak the
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carriers will be move in the lattice by a hopping-like
mechanism. Thus, the degree of the Fe-O-Fe interac-
tion directly affects the carriers mobility and therefore
the conductivity, which is directly influenced by the
presence of oxygen vacancies and the Fe-O-Fe dis-
tances and angles in the chain [8].

The synthetic method used in the attainment of these
phases plays an important role in the properties of these
materials. The use of metallo-organic precursors has
been shown to be an alternative method to the ceramic
one in the preparation of mixed oxides [9,10]. Thermal
treatments at controlled atmospheres of heteronuclear
precursors yield the required oxide. Using this method,
the reduction of the diffusion distances allows us to
prepare highly homogeneous phases with small grain
size, at shorter heating times and lower temperatures
than those applied by other methods [11,12].

In this paper, we present the synthesis of the
BaFeO, 95 oxide, obtained from the [BaFe(C;H,04),
(H»O)4] metallo-organic precursor at 800 °C at atmo-
spheric oxygen pressure. It is worth mentioning that the
more oxidized oxides were only obtained under at high
oxygen pressures and temperatures. We also describe the
magnetic and electrical properties, and the influence of
the soft synthesis conditions on these properties. In this
sense, a sharp ferro-antiferromagnetic transition at
178 K together with a metallic behavior in the
230-130K range have been observed. Furthermore, a
strong field dependency of the magnetic properties with
the existence of a metamagnetic behavior not reported
until now, has been found.

2. Experimental section
2.1. Synthesis

The [BaFe(C3H,04),(H,0)4] precursor was obtained
as described in Ref. [13]. The analysis of the C, H and
metals is consistent with the following stoichiometry:
BaFeC¢H 1,04, (Found: C, 15.56; H, 2.91; Fe, 12.06: Ba,
29.83 and calculated: C, 15.35; H, 2.58; Fe, 11.90: Ba,
29.26). Indexation of the powder diffraction pattern
and refinement of the cell parameters confirm the
presence of only one phase which is isostructural
with the [SrCu(C;H,04)>(H,0)4] compound [14]. The
[BaFe(C3H,04),(H,0)4] precursor was initially fired in
air at 400 °C, for 10 h, to remove the organic part. Then,
thermal treatments at 800 °C in oxygen atmosphere gave
rise to the formation of the BaFeO,qs oxide. The
oxidation state of iron was determined by a titration
method. The samples were dissolved under nitrogen in a
solution of HCI, which reacts with metals in the formal
+4 oxidation state to give Fe’". The evolving gas is
collected in a solution of KI and after that, titrated with
thiosulfate [15].

2.2. Physical measurements

Thermogravimetric measurements were performed
in a Perkin Elmer System-7 DSC-TGA instrument.
Crucibles containing 20mg of sample were heated
at 5°min~' under dry nitrogen and air atmospheres.
X-ray diffraction patterns were collected at room
temperature on Philips X Pert diffractometer equipped
with graphite-monochromated using CuKo,; radiation.
Data were collected by scanning in the range
10°<20<120° with increments of 0.02°(20). The
structure was refined by the Rietveld method using
the FULLPROF program. Scanning electron
microscopic (SEM) and transmission electron micro-
scopic (TEM) photographs using a JEOL JSM-6400 and
a Philips CM200, respectively, were carried out.
Magnetic and resistance measurements were performed
in the temperature range 1.8-300K using a QUAN-
TUM DESIGN MPMS-7 SQUID magnetometer.
The magnetic measurements were performed at
magnetic fields between 0 and 7T. Magnetic measure-
ments at higher temperatures (300-900 K) were carried
out in a Manics DSM-8 Faraday magnetometer.
The resistance vs. temperature measurements were
carried out by means of a dc four-probe system with
the current parallel to the applied field. Electron
paramagnetic resonance spectra were recorded on a
Bruker ESP300 spectrometer, equipped with standard
Oxford low-temperature devices operating at X band.
The magnetic field was measured with a Bruker BNM
200 Gaussmeter, and the frequency was determined by
using a Hewlett-Packard 5352B microwave frequency
counter.

3. Results and discussion
3.1. Thermal analysis of the precursors

The thermal decomposition steps of the [BaFe
(C53H»04)>(H,0)4] precursor were obtained from the
TG curves shown in Fig. 1(a). It can be seen the
occurrence of three consecutive processes: dehydration,
ligand pyrolysis and inorganic residue formation.
The first process takes place in the 75-175°C
range and corresponds to the loss of the four water
molecules. After that, the decarboxylation of the
ligand comes and a sharp mass loss in the temperature
range 275-450°C is observed. The measured
weight losses agree with the formation of BaCO;
and Fe,O;. Finally, a gradual mass loss is observed
at temperatures above 600°C, when carbonate
decomposes and leads to the attainment of the
mixed oxide. At this stage, the applied atmosphere
plays an important role. In this way, the BaFeO;_,
mixed oxide was obtained in the inorganic residue
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in air atmosphere, whereas Ba,Fe,Os oxide together
with some barium carbonate appears in the residue
obtained in nitrogen atmosphere.
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Fig. 1. (a) TG curves of BaFe precursor, under air () and nitrogen
() atmospheres. (b) XRD patterns of the phases obtained from the
thermal treatment.

3.2. Formation of the mixed oxide

Following this study and in order to obtain a pure
phase of the mixed oxide, thermal treatments under
controlled atmosphere were carried out. After firing the
BaFe malonate precursor at 400 °C, treatments at higher
temperatures and different atmospheres were per-
formed. The resulting products in each stage were
characterized by X-ray powder diffraction (see Fig. 1b).
The thermal decomposition of the [BaFe(C3;H,O04),
(H,0)4] precursor from 700 °C gave rise to the forma-
tion of the BaFeO;_, mixed oxide [16] together with
some impurities. Finally, and in order to avoid the
formation of the BaFe,O, oxide [17], a thermal
treatment at 800 °C in oxygen atmosphere was neces-
sary. Taking into account these results, a pure phase of
the BaFeO;_, oxide was obtained after firing the BaFe
precursor in two steps, firstly at 400°C for 12h and
secondly at 800 °C in oxygen atmosphere (PO, = 1 atm)
for 15h. The oxygen stoichiometry of the sample was
measured by chemical titration. The results obtained
indicate an approximately +3.90(8) oxidation state for
the iron in the sample.

An SEM and TEM photographs were carried out to
get some information about the morphology and the
oxide compactness (Fig. 2). The photographs reveal
uniform and fine grain growth, with very small, around
300 nm, and highly homogeneous particles. This mor-
phology is a consequence of the soft synthesis route that
favors the formation of small size particles, because the
lower the temperature the smaller the size of the
particles obtained. In addition, and considering that
small grain sizes with higher surface areas are related to
high degrees of reactivity, an easier oxygen absorption
could explain the attainment of the oxide with a high
oxygen content at oxygen pressures lower than those
reported in the literature using the ceramic conditions
[7,18].

The structure was refined by the Rietveld method
using the FULLPROF program [19] (Fig. 3). Initially,

Fig. 2. SEM ( x 5000) and TEM ( x 10,000 and x 57,000) photographs of the BaFeO, o5 oxide.
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the X-ray powder diffraction pattern was indexed on the
basis of the hexagonal group, P6;/mmc, using the initial
atomic positions proposed by Jacobson [20]. This is
known as 6H phase, which may be described as face-
shared pairs of FeOg octahedra corner linked to one
FeOg octahedra. Nevertheless, some small peaks did not
fit with this model and a second phase, known as 10H
[21], was included in the refinement. The estimated
percentage for the 10H phase being less than 6%.
Considering the effect of this 10H-BaFeO,g (Fe ™)
phase on the stoichiometry of our sample, the average
iron oxidation state in the 6/ main phase would be
slightly higher, with the new stoichiometry 6H-Ba
FeO, o7 (Fe™3%%.

The refined parameters and selected bond lengths and
angles corresponding to the 6 H phase are summarized in
Tables 1-3. Unfortunately, the accuracy of the data is
not very good. The positions of the oxygen atoms have
not been refined, so these results must be taken with
caution. In the 6 H majority phase, all iron atoms are
octahedrally coordinated. Two Fe(2)O4 face-sharing
polyhedra are bounded through three O(1) atoms to
form Fe(2),09 dimers, with Fe(2)-O(1)-Fe(2) angles
between 87.3° and 87.4°. The Fe(1)Og4 octahedra share
three O(2) atoms with other three Fe(2)O¢ polyhedra,
the Fe(1)-O(2)-Fe(2) angle being of 175.6°. The average
Fe(1)-O distances are 2.01 A, and the average values for
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Fig. 3. X-ray powder diffraction data and Rietveld refinement profile
for BaFeO, gs.

Table 1
Refined cell parameters and reliability factors

Fe(2)-O(1) and Fe(2)-O(2) in the face-sharing polyhe-
dra are 1.95 and 1.89 A, respectively.

3.3. Spectroscopic, magnetic and electrical properties

The powdered X band EPR spectra measured at
different temperatures are represented in Fig. 4. An
isotropic broad signal centered at g ~ 2 with a linewidth
AHpp = 850G appears at room temperature. The
linewidth diminishes with decreasing temperature until

Table 2
Refined atomic positional parameters

Phase 6H X y z Biso occ.

Ba(1) 0 0 1/4 1.06(5) 0.083
Ba(2) 1/3 2/3 0.5902(1) 1.43(4) 0.167
Fe(1) 0 0 0 0.8(1) 0.083
Fe(2) 1/3 2/3 0.1531(3) 1.6(1) 0.167
o(1) 0.47717 0.95408 1/4 1 0.224
0(2) 0.16800 0.33600 0.41660 1 0.499
Phase 10H X y z Boverall occ.

Ba(1) 0 0 1/4 0.083
Ba(2) 1/3 2/3 0.3685(8) 0.167
Ba(3) 1/3 2/3 0.9635(7) 0.167
Fe(1) 0 0 0.611(1) 0.167
Fe(2) 1/3 2/3 0.818(2) 0.7(2) 0.167
Fe(3) 0 0 0 0.083
O(1) 0.3298 0.1649 0.35075 0.224
0O(2) 0.7051 0.8225 0.45441 0.500
0(3) 1/3 2/3 3/4 0.500
04) 1/3 2/3 1/4 0.083

*QO positions are not refined.

Table 3 .
Selected Fe-O (A) distances and Fe-O-Fe angles (deg) in the 6H
majority phase

Fe(1)0s Fe(1)-0(2) 2.016 (x2) O(Q2)-Fe(1)-0(2) 89.7-90.3

2.014 (x4)
Fe(2)0s Fe(2)-0(1) 1.951 (x2) O(1)-Fe(2-O(1) 77.5-77.6
1.950
Fe(2)-0(2) 1.890 0(2)-Fe(2)-0(2) 96.2-96.3
1.887 (x2)

O(1)-Fe(2)-0(2) 92.3-92.4
167.1

Fe(1)-0O(2)-Fe(2) 175.6
Fe(2)...Fe(2) 2.695

Fe(2)-O(1)-Fe(2) 87.3-87.4

Space group a (A) ¢ (A) 4 (/0\3) ¥ Ryp (%) R, (%)
Phase 6H P63/mmc 5.671 (1) 13.873(2) 386.1 (2) 3.93 21.2 12.7
Phase 10H P63/mmc 5.784 (7) 24.63 (3) 719 (1)
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Fig. 4. (a) Powder X-band EPR spectra at different temperatures for
the BaFeO, o5 oxide. (b) Thermal evolution of the anisotropy (A4/A™)
and of the area for EPR signals.

230K, as the spin-lattice relaxation time increases. In
the 200-160K temperature range, an anomalous line
shape is observed. The symmetric Lorentzian profile
changes to an asymmetric Dysonian line which is
characteristic of conductive materials [22]. The aniso-
tropy of the signals has been studied by representing
AA/AT vs. T, where AA is the difference between the
amplitude of the positive (4 ") and negative (4~) lobule
(see Fig. 4b). As can be seen, the anisotropy drastically
changes in the 230-130 K temperature range, and the
spectra show the characteristics of a metallic state.
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Below this temperature, the linewidth increases becom-

ing electronic paramagnetic resonance (EPR) silent at

120 K. This fact can be attributed to the presence of

long-range antiferromagnetic interactions in this system.

Taking into account that the area is related to the
magnetic susceptibility and therefore to the magnetic
moment, we have also represented the thermal variation
of the area. The curve shows the presence of a maximum
at 175K, which corresponds to that observed in the
magnetic moment, indicating that the Ty value is close
to 175K.

The magnetic susceptibility measurements performed
in the temperature range 4.2-800K are represented in
Fig. 5. A sharp peak appears at 178 K, indicating the
presence of a ferro-antiferromagnetic transition at this
temperature.

As can be seen, the magnetic moment at 300 K has not
reached a constant value. This value decreases with
temperature until 600K, indicating the existence of
some small ferromagnetic interactions at room tempera-
ture. The values obtained at high temperatures, 4.17 uB
at 500 K, are slightly small for a system with majority of
high spin Fe*" ions. This fact can be attributed to the
small contribution of the 10H-BaFeO;_, antiferromag-
netic impurity (with a T'nge > 300K) that would induce
a lower value for the magnetic moment than that
expected [23]. In any case, as the sample is reduced with
heating in a no-oxidant atmosphere, the data from the
magnetic measurements at high temperatures must be
taken with caution.

Magnetization loops vs. magnetic field measurements
were also performed at different temperatures and the
results are shown in Fig. 6. The linear dependence of the
magnetization observed between 300 and 200K con-
firms its nearly paramagnetic nature. Below 200K, a
sigmoidal curve characteristic of ferromagnetic systems
appears. The coercive field is practically negligible and
the magnetization (0.6-0.7 in Nf units) is smaller than
that corresponding to an Fe*'/Fe’" system. This
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Fig. 5. y,,T vs. T curves for the BaFeO, 95 oxide.
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Fig. 6. M vs. B loops at different temperatures for the BaFeO, 95 oxide.

sigmoidal curve shape observed between 200 and 170 K
is consistent with the ferromagnetic component ob-
served in the y,,T curve. In the 170-140 K temperature
range, the magnetization shows an unusual behavior,
and a quasi-spontaneous spin alignment is observed.
This effect is more pronounced at low temperatures, but
a more intense applied field is needed to order the spins.
In all cases, hysteresis loops with maxima magnetization
values of 0.7 (in Nf units) are observed. That is, once the
alignment is reached, it remains at lower fields than
those needed to induce it. At temperatures below 140 K,
this effect is not observed because higher magnetic fields
should be necessary to be detected. The isothermal
magnetization curves represented in Fig. 7 exhibit a
sigmoidal shape between 170 and 140K, indicating a
discontinuous rise of the magnetization with the applied
magnetic field. The transition takes place at higher fields
with decreasing temperature but it is not observed below
140K at high magnetic fields (7 7T).

These curves are characteristic of a metamagnetic
behavior. This can be observed in antiferromagnetic
materials with a large magnetic anisotropy in the
presence of competing ferromagnetic interactions. They
can undergo a first-order transition to a phase in which a
net magnetic moment exists [24]. In this sense, the
structure and the Fe...Fe interactions are important
factors to be considered in order to understand the
magnetic properties of this oxide. As can be seen in
Fig. 8, along the c-axis the two Fe(2) atoms from the
face-sharing octahedra can interact via three O(1)
oxygen atoms with angles around 87°. At the same
time, each Fe(2) atom is connected with three Fe(1)
through O(2) atoms with angles of 175.7°, along the ¢
axis and the ab plane, extending the interactions in the
three dimensions.

The ferromagnetic coupling is not very usual in this
kind of oxides, but in our case, the presence of face-
sharing octahedra with exchange angles less than 90°
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Fig. 7. Isothermal magnetization curves from 130 to 180K for the
BaFeO, 95 oxide.

might induce a parallel alignment of the spins. At lower
temperatures, the overall of the spin moments of the
iron ions will be antiferromagnetically coupled but
slightly canted as a consequence of the competition
between different Fe—-O—Fe interactions, producing a
weak spontaneous magnetization. However, below
170K, only a portion of the spins changes their
orientation with the same magnetic field and the system
lead to a metastable phase. This is characterized by the
coexistence of two homogeneous paramagnetic and
antiferromagnetic phases, in which the transition takes
place gradually with increasing the magnetic field.
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Fig. 9. M/B vs. T curves at 7 and 0.1 T for the BaFeO, o5 oxide.

To study the effect of the applied magnetic field on the
usual y,, T vs. T curves, magnetization vs. 7 measure-
ments at 0.1 and 7T were also performed. The results
are shown in Fig. 9. At low fields, the magnetic
transition takes place at 178 K in good agreement with
the y,,T curve, but it is shifted up to 150K at 7T. The
maximum value of the magnetic susceptibility drasti-
cally decreases from 1.2emumol™' at 0.1 T down to
0.063emumol " at 7T, indicating that strong magnetic
fields difficult the establishment of the antiferromagnetic
ordering and consequently, the ferro-antiferromagnetic
transition.

This behavior is quite similar to that found by
MacChesney et al. some years ago [7]. They observed
(using a pendulum magnetometer and under a magnetic
field of 15.3kOe) that the BaFeO, o5 phase, synthesized
under high pressure of oxygen, was paramagnetic above
180K, ferrimagnetic between 180 and 164K and
antiferromagnetic below 164 K. However, we have not
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Fig. 10. y,,T vs. T curves for the BaFeO, o5 oxide, presyntherized and
syntherized.

observed any decrease in the y,, T data previous to the
ferromagnetic component and measurements at lower
fields allowed us to observe the described metamagnetic
behavior.

In order to study the thermal evolution of the
resistivity, a pellet of the BaFeO, 95 oxide was synther-
ized at 800°C in oxygen atmosphere for 12h to be
measured in a dc four-probe system. Surprisingly, no
changes in the resistivity values were detected with
decreasing temperature, in disagreement with the EPR
data. In this way, new EPR and magnetic measurements
were carried out for the syntherized sample. The EPR
spectra did not exhibit the previous anisotropic signals,
showing the typical behavior of an antiferromagnet with
a Ty near 160 K. The new magnetic measurements were
also different and remarkable differences between the
presyntherized and the syntherized samples appear (see
Fig. 10). As can be seen, the transition temperature was
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slightly lower and the maximum value of the y,,7 curve
decreases significantly for the syntherized sample.

MacChesney et al. [7] had also observed a disconti-
nuity in the resistivity data, simultanecous to the
magnetic transition. This discontinuity disappears in
our syntherized sample and a change in the magnetic
properties is observed. This effect is probably related to
the decrease in the oxygen content in the oxide, since the
existence of oxygen vacancies difficult the Fe-O-Fe
interaction along the sample, and consequently, lower
values of the Ty temperature and weaker transition
peaks are expected.

In order to see the effect of the synthetic conditions on
the properties of this phase, several syntheses at
different conditions were performed. It can be seen that
the best conditions are in the 750-800 °C temperature
range. Both the reaction times and the amount of
product show a great influence on the stoichiometry of
the obtained oxide. In this way, small amounts of
product and reaction times of 10-15h were needed.
Longer reaction times give rise to small reductions and
changes on the magnetoelectrical properties of the
oxide.

4. Conclusions

The non-stoichiometric oxide, BaFeO,q5, was ob-
tained from thermal decomposition of the [BaFe
(C53H,04)>(H,0)4] precursor in oxygen atmosphere at
800 °C. This is the first phase with a high degree of
oxidation obtained at low oxygen pressures and
temperatures. The use of the soft synthetic conditions
gives rise to the attainment of a phase with homo-
geneous morphology and small grain size.

The compound presents a ferro-antiferromagnetic
transition at 178 K. These competing interactions in an
anisotropic magnetic structure lead to the occurrence of
a metamagnetic behavior. In addition, differences in the
shape and the transition temperature were observed
when changing the applied magnetic field. Thus, it can
be concluded that the magnetic properties are strongly
dependent on both temperature and applied magnetic
field.

The change of the EPR linewidth, from a symmetric
Lorentzian profile to an asymmetric Dysonian line,
indicates a conducting behavior in the 230-130K
temperature range. Nevertheless, longer reaction times
lead to the disappearance of the conducting behavior
and a change on the magnetic properties.

Finally, we can conclude that the synthetic method
directly affects not only the morphology, but also the
stoichiometry and the magneto-electrical properties of
the BaFeO;_, oxide.
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