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The magnetic properties of La0.5Ca0.5FeO3−� perovskites with different oxygen vacancy contents were
comprehensively investigated by means of x-ray diffraction, Mössbauer spectroscopy, and magnetization mea-
surements. A glassy magnetic behavior was observed by the dc magnetization and ac susceptibility measure-
ments. Around the freezing temperature, a charge disproportionation �CD� phase transition from Fe4+ ions to
Fe3+ and Fe5+ ions was detected by 57Fe Mössbauer spectra. Due to the competition between Fe3+

uFe5+

ferromagnetic interaction and Fe3+
uFe3+ antiferromagnetic interaction, the CD transition from Fe4+ ions to

Fe3+ and Fe5+ ions induces the glassy magnetic behavior.
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I. INTRODUCTION

In recent years, much attention has been paid on the elec-
tronic states and unusual physical properties of transition-
metal oxides with strong electron correlation. In highly co-
valent transition-metal perovskite-type oxides containing
d4�Fe4+ ,Mn3+� or d7�Ni3+� ions, such as La1−xSrxFeO3,
NdNiO3, etc., a charge disproportionation �CD� transition
was often observed, in which a charge state is separated into
two different charge states as 2dn→dn−1+dn+1.1,2 The CD
transition exists the alternating-valence group containing
ions in two valence states differing by 2e �on-site pairs� and
sometimes exhibiting charge ordering �CO� and orbital
ordering.3 For example, CaFeO3 shows the CD and CO tran-
sition at 290 K accompanied with a structural transition from
Pbnm in the normal state to P2/n in the CO state and a
magnetic phase transition from antiferromagnetic �AFM�
metallic state to CO insulating state.4 CO sequence of
Fe5+Fe3+Fe3+Fe5+Fe3+Fe3+

¯ along the body diagonal �111�
direction of La1/3Sr2/3FeO3 single crystal was resulted from
the CD transition of Fe4+ ions.5,6 The mechanism of CD tran-
sition, which is related to the order-disorder of charge, spin
and orbital, is a very important issue in transition-metal ox-
ides with strong electron correlation in light of the magnetic
phase transition and electronic states.

57Fe Mössbauer spectroscopy provides a powerful tech-
nique for probing the charge states of Fe ions since different
Fe charge states possess different magnetic hyperfine fields
and isomer shifts. The CD transition can be investigated by
57Fe Mössbauer spectra measured at various temperatures. In
previous work, Mössbauer spectra indicated that the Fe4+

ions in La1−xCaxFeO3−� are not stable in low temperature
region and tends to come through CD,7,8 but the correlation
of CD with the magnetic phase transition is not yet well
understand. It was known that the superexchange interaction
between Fe3+ �3d5� and Fe5+ �3d3� along the 180°
FeuOuFe pathway is ferromagnetic �FM�, whereas the
superexchange interaction between Fe3+ and Fe3+ or Fe5+ and
Fe5+ is antiferromagnetic,9,10 the competition between FM
exchange interactions and AFM ones may result in a micto-
magnetism or cluster-glass-like magnetic behavior. In this
work, La0.5Ca0.5FeO3−� perovskites prepared under air and

oxygen atmosphere were selected to investigate the effect of
CD on magnetic properties by means of magnetization mea-
surements and 57Fe Mössbauer spectroscopy.

II. EXPERIMENTAL DETAILS

The traditional solid-state reaction method was employed
to prepare La0.5Ca0.5FeO3−� polycrystalline powders. Accu-
rately weighed amounts of pure La2O3, CaCO3, and Fe2O3
�99.9%� powders with stoichiometric ratios appropriate for
La0.5Ca0.5FeO3 were mixed in an agate mortar. The powders
were subsequently preheated between 900 °C and 1000 °C
with intermediate grindings. In order to investigate the effect
of oxygen vacancies on the magnetic properties, the products
were divided into two portions, pressed into pellets and fired
at 1300 °C in air, sample A �SA�, and flowing 100% oxygen
of 1 atm, sample O �SO�, respectively; followed by slow
cooling to room temperature.

Phase analysis and lattice parameters were determined by
x-ray diffraction �XRD� with Cu K� radiation. The magne-
tization measurements were performed by a commercial su-
perconducting quantum interference device �SQUID� magne-
tometer. ac susceptibility measurements were performed on a
commercial physical properties measurements system
�Quantum Design, PPMS-14�. 57Fe Mössbauer spectra from
20 K to room temperature were recorded by a Wissel system
constant acceleration Mössbauer spectrometer with a 57Co
�Rh� source. A CCS-850 optical exchange helium gas closed
cycle refrigerator was employed to provide variable tempera-
tures from 20 K to room temperature. The velocity was cali-
brated using an �-Fe foil. The values of center shifts given
here are relative to �-Fe at room temperature.

III. RESULTS AND DISCUSSIONS

Figure 1 illustrates the observed and fitted XRD patterns
of La0.50Ca0.50FeO3−� perovskites prepared in air �SA� and
oxygen atmospheres �SO�. XRD patterns reveal that these
two samples are single phase with an orthorhombically dis-
torted perovskite structure �Pbnm space group�. Rietveld
profile refinement was carried out to determine lattice con-
stants and atomic positions. In the orthorhombic structure,
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oxygen ions occupy two nonequivalent sites, namely OI�4c�
and OII�8d�, with a population ratio of 1:2. Six O2− ions �two
OI and four OII� surround each Fe ion and form an octahe-
dron. Refined values of the lattice and positional parameters
and atomic occupancies at room temperature are summarized
in Table I. The lattice constants are found to be in excellent
agreement with the earlier results.7,8 Within the experimental
error, the average FeuO bond length in SO and SA is al-
most invariable, whereas the FeuOIIuFe bond angle in SO
is much closer to 180° than that in SA.

Figure 2 illustrates the M-H curves of SA and SO cooled
from 300 K to 5 K without external magnetic field. The

magnetization at 5 K varies almost linearly with the external
magnetic field and does not saturate even up to 50 kOe. This
confirms the antiferromagnetic order at low temperatures.
However, a slight deviation from straight line and irrevers-
ibility in magnetization between field-increasing procedure
and field-decreasing one implies that these two samples ex-
hibit a spin-canted magnetism or cluster-glass-like behavior.

To distinguish the spin-canted magnetism and clusterlike
magnetic behavior of these two samples, temperature depen-

FIG. 1. �Color online� Observed and fitted XRD patterns of
La0.50Ca0.50FeO3−� perovskites prepared in air �a� and oxygen at-
mospheres �b�.

TABLE I. Refinement parameters of La0.5Ca0.5FeO3−� at room temperature.

Lattice constants

Lattice coordinate FeuO FeuOuFe

Reliability
factorx y z FeuOI FeuOII FeuOIuFe FeuOIIuFe

a=5.461�2� Å La/Ca�4c� 0.498�3� −0.005�1� 0.250�0� 2.062�1� 1.954�3� 139.3�6� 171.4�3� Rwp=11.047

SA b=5.461�1� Å Fe�4a� 0.000�0� 0.000�0� 0.000�0� 1.919�2� Rp=14.028

c=7.737�1� Å OI�4c� 0.123�1� 0.030�9� 0.250�0� �2=1.003

OII�8d� 0.271�6� 0.234�4� 0.004�4�

a=5.458�1� Å La/Ca�4c� 0.499�3� 0.014�1� 0.250�0� 2.055�1� 2.007�1� 139.0�5� 174.5�2� Rwp=10.824

SO b=5.459�1� Å Fe�4a� 0.000�0� 0.000�0� 0.000�0� 1.868�1� Rp=13.570

c=7.740�1� Å OI�4c� 0.131�1� −0.021�4� 0.250�0� �2=1.024

OII�8d� 0.235�6� 0.252�4� 0.002�4�

FIG. 2. Zero-field-cooled hysteresis loops measured at 5 K for
SA �a� and SO �b�.
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dence of zero-field-cooled �ZFC� and field-cooled �FC� dc
magnetization for SA and SO was measured in the applied
field of 500 Oe and illustrated in the main plot of Figs. 3�a�
and 3�b�, respectively. Since no difference in magnetization
between ZFC and FC processes in the “spin-canted” system,
the divergence between MZFC and MFC around 175 K sug-
gests that there exists a magnetic glassy behavior.11 In con-
trast to other spin-glass systems, in which a small cooling-
field induces a large increase in the magnetization, a
significant increase in magnetization for FC curves is
achieved when the cooling field is higher than 30 kOe. This
result suggests that the antiferromagnetic coupling in these
Fe-based perovskites is much stronger than the ferromag-
netic coupling.

Above the freezing temperature Tf =175 K, it seems that a
ferromagneticlike theromagnetization curve was observed in
the temperature range of �175–280 K, as shown in the in-
sets of Fig. 3. In order to check whether ferromagnetic com-
ponent exists in the temperature region, the magnetization

curves for these two samples at 100 K, 150 K, and 235 K
are present in Figs. 4�a� and 4�b�, respectively. In the tem-
perature region of 175–280 K, no ferromagnetic component
was detected from the linear magnetization curves. There-
fore, the kink is attributed to a very short-range-ordering
effect.13 The similar kink has also been found in
La0.6Sr0.4FeO3−y and La1/3Ca2/3MnO3.12,14 Moreover, a ther-
mal hysteresis was observed between the field-cooled cool-
ing �FCC� and field-cooled warming �FCW� process at
500 Oe, shown in the inset of Fig. 3�b�, which may be the
other proof for the existence of the short-range order. Such
thermal hysteresis is not observed in SA, suggesting that the
short-range order was blurred with increasing the oxygen
vacancies. For the sample prepared in air, the increase in
oxygen vacancies results in an increase in Fe3+ ions content.
According to the Goodenough’s superexchange interaction
theory,10 the superexchange interaction between 3d5 �Fe3+�
and 3d5 �Fe3+� cations is antiferromagnetic, and is stronger
than that between Fe4+ and Fe3+ ions, as well as that between
Fe4+ and Fe4+ ions. Thus, the AFM order is strengthening
promptly with increasing Fe3+ ions content, which results in
a higher magnetic order temperature of SA.

The measurement of ac susceptibility ��ac=��− i��� gives
us a detailed insight into the dynamics of freezing. The tem-

FIG. 3. �Color online� Temperature dependence of magnetiza-
tion at different cooling field under 500 Oe applied field �HFC=0,
0.5, 30, and 50 kOe�. The inset shows the temperature dependence
of magnetization under the process of FCC and FCW. �a� SA, �b�
SO.

FIG. 4. �Color online� Magnetization curves at 100 K, 150 K,
and 235 K for SA �a� and SO �b�.
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perature and frequency dependence of �ac measurements
were made in the same run with changing frequency in a
circular turn for these two samples without external field,
shown in Figs. 5�a� and 5�b�, respectively. The real compo-
nent of susceptibility ���T� in these two samples display
similar broad maxima at about 175 K, and that the position
of the peak shifts to higher temperature �about 10 K� and the
amplitude decreases slightly with increasing frequency.
Since ���T� is proportional to the magnetic moment, the
single peak is a credible indicator of magnetic phase transi-
tion. Similar �� vs T behavior has been also observed in the
disorder spinel system ZnxCo1−xFeCrO4.15 The peak in ���T�
is rather broad that may be the superposition of several peaks
very close to each other, which means there exists many
clusters with different sizes. The imaginary component of
susceptibility ���T�, which is related to the dissipated power,
indicates broad peaks at T�130 K with a shift to higher
temperature with increasing frequency. These characters of
���T� and ���T� are related to spin-glass behavior but unlike
the canonical spin-glass behavior,11 which may be the sign of
formation of some kind of clusters. The deformation point of
���T� indicates the onset of freezing, which corresponds to
the point where ���T� starts to decrease with decreasing tem-
perature because of increased difficulty in moving the mag-
netic moments and clusters. The peaks of ���T� are caused
by the reversible remotion of cluster within one period of the
ac.16 In an assembly of clusters formed out of short-range
interactions, the freezing appears through the probability of
each cluster to overcome the energy barrier E, which is ex-
pressed in terms of relaxation time �=�0 exp�E /kT�, where
�0 is the preexponential factor and k is Boltzmann constant.
An anomaly in ���T� will appear at Tf when � becomes
larger than the characteristic measuring time. On the other
hand, if the relaxation time spectrum is very broad, this
anomaly in ac susceptibility can be associated with the maxi-
mum or some average of the largest relaxation times of the
distribution, thus ���T� in our experiment behaves as a very
broad maxima. Furthermore, the characteristic time scale de-
scribing the spin dynamics �0 is estimated to be about 10−11 s
for these two samples, which are slightly larger than the

typical values 10−12 s for canonical spin-glass systems.17

Such large characteristic time is related to the large sizes of
the clusters. The freezing point Tf of 175 K derived from the
ac susceptibility is consistent well with the result obtained
from the temperature dependence of magnetization.

In order to elucidate the mechanism of cluster-glass-like
behaviors of La0.5Ca0.5FeO3−�, Mössbauer experiments at
various temperatures were carried out to investigate the
charge states of Fe ions in the cluster glass, AFM and para-
magnetic states, shown in Figs. 6�a� and 6�b�, respectively.
For SO, the Mössbauer spectrum at RT exhibits a typical
paramagnetic singlet with center shift �CS� of
0.20±0.02 mm/s, which agrees well with the results re-
ported in the literature.13,14 The singlet is corresponding to
the average-valence charge state between Fe4+ and Fe3+ ions.
The average-valence state may be caused by electron hop-
ping between Fe4+ and Fe3+ ions, which are faster than the
lifetime of the excited 57Fe state. The observed relaxation
broadening in the Mössbauer data is indicative of increasing
short-range fluctuations in the spin structure. As for SA, in
addition to a similar singlet with that of SO, two additional
sextets with hyperfine fields of 364 kOe and 205 kOe, center
shifts of 0.39 mm/s, and −0.20 mm/s, exist in the spectrum,
which are assigned to be Fe3+ and Fe4+ ions, respectively.
Consistent with magnetization measurements, Mössbauer
spectra also indicate that TN of SA is above RT and that of
SO is below RT.

With lowering the temperature to 175 K, four magneti-
cally split sextets coexists with one paramagnetic doublet for
both samples. Among the four magnetically split sextets, one
sextet with center shift of −0.1 mm/s is assigned to be Fe5+

ions. The 57Fe hyperfine fields are 223 kOe for SA and
208 kOe for SO owing to the higher TN of SA. Due to the
appearance of Fe5+ ions, Fe3+ ions locate at two nonequiva-
lent sites, i.e., without Fe5+ �Fe�I�� and with at least one Fe5+

�Fe�II�� as their neighborhood.7 Therefore, the subspectra
corresponding to Fe3+ ions were fitted with the two sextets
with the same center shift of 0.40 mm/s, whereas different
hyperfine fields of 506 kOe and 456 kOe for SA as well as
474 kOe and 431 kOe for SO. The sextet with center shift of
0.1 mm/s and hyperfine fields of 254 kOe for SA and

FIG. 5. �Color online� Temperature depen-
dence of ac magnetic susceptibility under zero
biasing fields for SA �a� and SO �b�.
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284 kOe for SO is attributed from the Fe4+ ions. As illus-
trated in Figs. 7�a� and 7�b�, it was observed that the content
of Fe4+ ions was observed to decrease with decreasing tem-
perature, and consequently the Fe5+ and Fe3+ ions contents
increase with decreasing temperature. With further decreas-
ing the temperature to 20 K, the best fitting to both samples
can be reached by adopting three magnetic hyperfine fields,

corresponding to the three Fe ions sites, a Fe5+ site and two
Fe3+ sites. No Fe4+ ions were detected in these two samples
at 20 K. The detailed hyperfine parameters of these different
Fe ions are summarized in Table II. Similar results were also
obtained in La1−xSrxFeO3.18 Mössbauer spectra measured at
various temperatures provide a clear evidence for the CD
transition of Fe4+ ions into Fe3+ ions and Fe5+ ions.

On the basis of the relative absorption areas of the sub-
spectra, the content of Fe5+ ions at 20 K is about 17% for SA
and 22% for SO, respectively. Compared to the expectation
of the Fe4+ /Ca2+ ratio according to the charge balance, the
actual ratio indicates that oxygen vacancies would compen-
sate the charge balance in La0.5Ca0.5FeO3−�. Therefore, we
could obtain the relative number of oxygen vacancies in
principle by the relative absorption area of Fe5+ ions on the
basis of the electrostatic neutrality if cations have a random
distribution of over available sites.19 The oxygen vacancy �
is roughly estimated to be 0.07 for SA and 0.03 for SO,
respectively.

It was well known that the superexchange interactions
between Fe3+ and Fe3+ ions, Fe4+ and Fe4+ as well as Fe3+

and Fe4+ ions in the Fe perovskites are antiferromagnetic.
However, the CD transition of Fe4+ ions into Fe3+ ions and
Fe5+ ions occurred at low temperature results in a ferromag-
netic interaction between Fe3+ �3d5� and Fe5+ �3d3� along the
180° FeuOuFe pathway. The competition between ferro-
magnetic interaction and antiferromagnetic interaction in-
duces the cluster-glass magnetic behaviors in
La0.5Ca0.5FeO3−� perovskites. Since very weak ferromagnetic
interaction between Fe3+ and Fe5+ ions compared with anti-
ferromagnetic ones, these materials exhibit a significantly
different glassy magnetic behavior as in the typical spin-
glass system.

FIG. 6. �Color online� Möss-
bauer spectra of La0.5Ca0.5FeO3−�

at various temperatures for SA �a�
and SO �b�.

FIG. 7. �Color online� Temperature dependence of the concen-
tration of Fe3+, Fe4+, and Fe5+ ions in SA �a� and SO �b�.
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IV. CONCLUSION

On the basis of temperature dependence of dc magnetiza-
tion in ZFC and FC curves, together with frequency depen-
dence of ac susceptibility, a cluster-glass-like magnetic be-
havior was observed in La0.5Ca0.5FeO3−� with different
oxygen vacancy contents. Mössbauer spectra measured at
various temperatures indicated a CD transition from Fe4+

ions to Fe3+ and Fe5+ ions occurs at the freezing temperature
of 175 K. The cluster-glass-like magnetic behavior origi-

nated from the competition of Fe3+
uFe5+ ferromagnetic in-

teraction and Fe3+
uFe3+ antiferromagnetic interaction.
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