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Two insulating phases of SrFeO3−� have been found by the introduction of oxygen deficiencies in metallic
SrFeO3, one with 0.15���0.19 �Sample A� and the other above �=0.19 �Sample B�. Sample A shows large
negative magnetoresistance around the charge ordering temperature �CO� associated with a magnetic anomaly.
A three-dimensional variable range hopping associated with a localized moment antiferromagnetic behavior
was seen in Sample B without any measurable CO down to 70 K. Ac and dc susceptibilities ��ac and �dc� show
multiple magnetic anomalies associated with a frustrated magnetic order with competing ferro- and antiferro-
magnetic interactions. The frustration decreases with increasing content of Fe3+, the direct consequence of
which is the dilution of helical magnetic spin ordering. The competing effects of ferro- and antiferromagnetic
phases extend up to high temperatures T�230 K revealing a characteristic temperature scale not known
earlier. These observations are discussed in the context of magnetic interactions associated with Fe4+ /Fe3+.
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I. INTRODUCTION

Recent interest in materials which show colossal magne-
toresistance �CMR� stems from their ability to produce large
changes in resistance with the application of magnetic fields.
These materials have also generally displayed a rich phase
diagram with intricate coupling between electronic, mag-
netic, and structural properties.1–5 Among the very few ma-
terials that show coexistence of charge ordering and ferro-
magnetism with a metallic phase, PrCa1−xMnxO3−� is
notable.6 Compounds of the Ruddlesden-Popper �RP� type,
which are close to the manganites, fall into a category of
materials with similar magnetic properties.7 In particular, RP
phases with Fe4+ in a high spin state offer an interesting
counterpart in ferrates.8

In the RP class of systems SrFeO3 belongs to a category
where the structural morphologies critically depend on the
oxygen stoichiometry.9,10 The charge ratio, Fe4+ to Fe3+ im-
parts a profound influence on the magnetic structure and
originating properties in SrFeO3−�. Stoichiometric SrFeO3 is
an antiferromagnet �TN�140 K� with a cubic perovskite
structure at room temperature. An important feature of this
ferrate is that it has a helical magnetic spin structure with a
propagation vector parallel to the crystallographic �111�
plane and shows no Jahn-Teller �JT� distortion even at very
low temperatures.7,11 SrFeO3 however is metallic unlike its
counterparts in manganites, with strong covalency having the
eg

* orbitals extended into the itinerant conduction band with
low electron densities around the nucleus.12 Recently, it was
shown by Lebon et al. that in certain oxygen deficient com-
positions of SrFeO3−�, a charge ordered �CO� state with a
giant negative magnetoresistance could be observed and was
attributed to the Fe4+−Fe3+ charge ordering.13 The metal-
insulator transition occurs around �=0.15 with a magnetic
transition around 70 K. With the additional loss of oxygen
��=0.19�, an insulating behavior was seen with a large posi-
tive magnetoresistance at low temperatures and negative
magnetoresistance near the magnetic transition �60 K�. Two

facts that are unclear in the above study are �a� the precise
oxygen stoichiometry where the metallic SrFeO3 transforms
to a non-stoichiometric charge ordered insulator and �b� the
nature of the intermediate composition bounded by stoichi-
ometries that display metal-insulator transition ��=0.15� and
partly insulating behavior ��=0.19�. Our present investiga-
tion addresses these issues and attempts to isolate the inter-
mediate phases �between �=0.15 and 0.19� and one above
�=0.19 in SrFeO3−�. Another significant contribution of this
work is the observation of a high temperature magnetic
anomaly, which was not seen earlier either in single crystals
or polycrystals. This result assumes significance in the wake
that no single author was able to fit the high temperature data
�above TN� to the Curie-Weiss law. Our serendipitous discov-
ery of the presence of a high temperature feature through
systematic ac susceptibility ��ac� and zero-field cooled, field-
cooled magnetization �MFC/ZFC� measurements, would ex-
plain this discrepancy. We believe that most authors may
have overlooked its presence due to the standard perception
of a paramagnetic behavior for T�TN. Also, its presence
might have been masked by the experimental data being
measured at large temperature intervals.

II. EXPERIMENT

Samples of two different oxygen stoichiometries of
SrFeO3 were prepared by solid-state reactions. Starting ma-
terials of SrCO3 ,Fe2O3 were weighed, thoroughly mixed in
an agate mortar, and prefired at 1000 °C. The powders were
again mixed and pressed into pellets of 12 mm diameter and
were fired at two different temperatures. One pellet was fired
at 1300 °C �Sample A� and the other was fired at a lower
temperature of 1150 °C �Sample B�. Both were sintered in
flowing oxygen in a tube furnace, with a deliberately reduced
oxygen partial pressure for Sample B, in order to impart
greater oxygen loss and enhance the Fe4+ /Fe3+ ratio. Oxygen
stoichiometry was estimated by reducing SrFeO3 to its basic
oxide and elements, through the associated weight losses,
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using thermogravimetry analysis �TGA� with an oxygen sto-
ichiometric accuracy of around 0.03. X-ray diffraction
�XRD� was used to characterize the structure and phase pu-
rity of the materials. Magnetization, magnetic susceptibility
�dc and ac�, resistivity and magnetoresistance measurements
were carried out using a physical property measurement sys-
tem �PPMS� from Quantum Design �San Diego, CA�, as a
function of temperature in the range, 10–300 K. Frequency
was varied from 10 Hz–10 kHz in the ac susceptibility mea-
surements at a fixed ac field amplitude of 10 Oe. Dc magne-
tization was done in fields ranging from 0 to 6 T with the
samples cooled in zero field at different temperatures. Resis-
tivity as a function of temperature was measured in zero field
and at 6 T, using a standard four-probe technique.

III. RESULTS AND DISCUSSION

A. X-ray diffraction

X-ray diffraction patterns obtained for Samples A and B
shown in Fig. 1 indicate a single SrFeO3 phase without
traces of impurities. A comparison of the spectra of Samples
A and B with the ideal cubic perovskite of SrFeO3 indicates
a slight shift of Bragg reflections to lower angles indicating
elongation of the unit cell. An expanded view of the �200�
peak 2�B�47° �inset Fig. 1�, shows that Sample A has a
shoulder indicating symmetry lower than that of the cubic
SrFeO3. This signature of the pseudocubic phase continues
through into Sample B which shows a clear splitting of the
�200� reflection, indicating the advent of a tetragonal phase.
Reports indicate the cubic ↔ tetragonal distortion to occur at
�=0.15 and a strong split in the reflections of Sample B
indicate an oxygen stoichiometry either close to or in excess
of �=0.15.7 TGA showed a stoichiometry of �=0.17 for
Sample A and a � of 0.205 for Sample B.

B. AC magnetic susceptibility

Figure 2 shows variation of ac magnetic susceptibility
���� as a function of temperature for samples A and B mea-

sured at different frequencies. With the lowering of tempera-
ture, Sample A �top panel� shows a transition around 78 K
followed by a steep decrease in the magnetization down to
68 K. Further lowering of temperature results in a more
gradual decrease in magnetization. Susceptibility curves at
different frequencies show no variation and lie on top of each
other through the entire temperature range of measurement.
In addition to the transition around 78 K, another transition
could also be seen as a cusp at around 120 K. These two
transitions can be identified as the T �tetragonal, Fe3+ state�
and a residual C �Cubic, Fe4+ state� phase, respectively. A
closer look at �ac around 230 K reveals a weakly resolved
cusp indicating a possible new magnetic anomaly.

Sample B however shows a clear cusp indicating the C

phase around 110 K and a broad maximum �compared to
Sample A� around 68 K indicating the T phase. The transi-
tion around 110 K in Sample B is strong when compared to
a slope change seen in SrFeO2.81. These features indicate the
oxygen stoichiometry of Sample B is close to, but lower
than, SrFeO2.81. Resistivity measurements also confirm that
Sample A has a composition just above that of �=0.15, and
Sample B above that of �=0.19.

To confirm the weak anomaly seen in Fig. 2, 1 /�ac has
been plotted as a function of temperature in the range 150–
300 K �inset Fig. 2�. A clear evidence of a slope change near
this temperature is seen in both samples. These features show
up as strong anomalies in the bulk magnetization measure-
ments ��dc�, which are discussed in the ensuing sections.

C. Resistivity and magnetoresistance

Figure 3 shows the resistivity and magnetoresistance
curves measured at zero field and 6 T for Samples A and B.
Resistivity increases as a function of temperature as Sample
A �Fig. 1�a�� is cooled through its T phase transition tempera-
ture ��68 K� with a sudden increase at this temperature by
at least an order of magnitude indicating the inter-
relationship between the magnetization and transport anoma-

FIG. 1. X-ray diffraction pattern of Samples A and B Inset �a�:
enlarged spectrum of the �200� plane. FIG. 2. Ac magnetic susceptibility as a function of temperature

for �a� Samples A and �b� B. Inset shows 1/� versus T. The straight
lines are guides to the eye showing the change in slope.
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lies. Resistivity increases exhibit a power-law behavior on
further cooling. On heating, the sample shows a hysteresis
around the �68 K transition. No such anomaly is seen at the
120 K transition indicating that this antiferromagnetic order-
ing is not mediated by conduction electrons. An important
observation is that we do not see any low temperature me-
tallic phase. This is consistent with a decrease in Sample A’s
oxygen content and the Fe4+ /Fe3+ ratio.

Application of a magnetic field of 6 T, suppresses the
resistance of Sample A by more than 60% around the 68 K
transition �inset of Fig. 3, top panel�. The negative magne-
toresistance continues well down to low temperatures, except
for a small region between 10 and 20 K where it becomes
positive. It is interesting to note that the shape of the mag-
netization curve is close to that of reported SrFeO2.85 and the
resistivity curve to that of SrFeO2.81. These similarities along
with values of � obtained from TGA help us infer that the
composition of Sample A falls between the reported
SrFeO2.85 and SrFeO2.81.

13

Resistivity of Sample B �Fig. 3, bottom panel� shows a
monotonic insulating behavior from room to low tempera-
tures. An interesting observation is that on the application of
a 6 T magnetic field, the resistivity shows a positive magne-
toresistance �see inset� of �5% at 12 K. A fully insulating
phase is only possible beyond the partly insulating SrFeO2.81
phase and extending similar arguments to Sample B; it can
be concluded that the composition of Sample B would fall
above �=0.19. The tetragonal structural distortion of Sample
B �Fig. 1 inset� also gives credence to this conclusion about
the stoichiometry.

The effects of grain boundaries on the physical properties
of the polycrystalline Samples A and B cannot be underesti-
mated, in particular on the resistivity. A comparison of resis-
tivity and magnetoresistance of the single crystal and poly-
crystalline CMR La2/3Sr1/3MnO3 indicate that substantially

higher values of resistivity and magnetoresistance were seen
in polycrystalline samples fired at different temperatures.
Magnetization on the other hand shows no difference, imply-
ing the considerable role played by the grain boundaries in
the higher resistivity of the polycrystalline samples. Firing
temperatures also decrease the resistivity, indicating a de-
creasing thickness of grain boundaries.14

The above finding also reveals that in a polycrystalline
material, the potential barriers created by the oxygen nons-
toichiometry can enhance the resistivity. As a comparison,
Sample A has higher resistivity than that of single crystal
SrFeO2.81, whose oxygen stoichiometry is close to that of
Sample A. However, the values of magnetoreistance �MR� in
Sample A falls approximately between the compositions of
single crystal SrFeO2.85 and SrFeO2.81 as reported by Lebon
et al.13

The grain boundary effects did not appreciably affect the
magnetic properties in either Sample A or B. This is con-
firmed from the comparison of Sample A with SrFeO2.85 and
SrFeO2.81. The TN of Sample A �78 K� falls between that of
SrFeO2.85 ��83 K� and SrFeO2.81 �60 K�.

D. Bulk magnetization

Figure 4 shows the zero-field cooled �ZFC� and field
cooled �FC� dc magnetization measurements in the tempera-
ture range 10–300 K. For Sample A, ZFC data qualitatively
shows all the features that are observed in the ac magnetic
susceptibility �Fig. 1�. The FC and ZFC curves are separate
until about 230 K and merge above this temperature. The
separation depends on the applied field and decreases as the
field is increased to 1 T. The ZFC/FC curves of Sample B
show a similar trend for different fields with the temperature
at which the curves merge being 40 K for 100 Oe applied
field.

FIG. 3. Resistivity and magnetoresistance zero field and 6 T for
�a� Samples A and �b� B as a function of temperature. Insets show
the percentage change in resistance on the application of 6 T mag-
netic field.

FIG. 4. Zero field cooled �ZFC� and field cooled �FC� measure-
ments for Sample A at 1 T, 1 kOe, and 100 Oe, and for Sample B at
1 kOe and 100 Oe. A transition observed �230 K is shown with
arrows. For 1 T, a hysteresis around this temperature �marked with
an arrow� can be seen.
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The ZFC curve measured at 100 Oe for Sample A shows
a distinct kink around �230 K, in addition to the anomalies
observed at lower temperature. This is also seen in the ZFC
as well as FC measurements at other fields �Fig. 4�. This
feature is completely unexpected, in view of the similar mea-
surements carried out by many authors on this system.7,12,13

In order to explore this further, the magnetic hysteresis mea-
sured at different temperatures spanning a range from 10 to
300 K are shown in Fig. 5 for Sample A. At low tempera-
tures �10 K� an extremely small loop could be seen, which
does not saturate even at fields of 6 T. This is due to the
presence of ferromagnetic interactions in the system. Note
that there is a strong shift of the M-H curves away from the
origin as the temperature is systematically lowered below
230 K. This tendency is associated with the coexistence of
antiferromagnetic and ferromagnetic interactions and is typi-
cal in materials with helical magnetic ordering. For example,
such loops are seen in MnSi which is a classic example of a
helical magnet.15 Competing ferro- and antiferromagnetic ef-
fects due to the helical spin structure gives rise to a frustrated
system similar to a spin glass and an unsaturated magnetiza-
tion is caused by the spin fluctuations in the helical spin
arrangement.

While the shift in the M-H loops due to exchange bias
effects are expected below TN which is 120 K for Sample A,
the fact that we observe a systematic shift of the loops even
up to 230 K indicates that the coexistence of competing mag-
netic order persists up to this temperature. This is an impor-
tant observation that accounts for the difficulty experienced
by researchers in fitting the high temperature data to standard
models in this system. It is possible that due to the presence
of this magnetic ordering at relatively high temperatures, at-
tempts by several authors in past work to fit the susceptibility
data above the Neél temperature to Curie-Weiss law resulted
in poor fits that exhibit curvature. The inverse susceptibility
��−1� data above 230 K can be described by using the Curie-
Weiss law �=C / �T−��, and the fit to the data is shown in the
Fig. 4 inset. The parameters obtained from the fit are C

=2.47�1� and �=20.8�1� K. An effective moment �eff of
4.44�B, is obtained from the equation �eff= �7.99C. This is
somewhat smaller than 4.9 �B which is the spin-only value

for Fe4+. In the case of Sample B, similar analysis yielded a
larger effective moment �4.9�B as opposed to 4.44�B for
Sample A� indicating the increased contribution due to Fe3+.

We can now put all these results in perspective and try to
develop an understanding of magnetism and transport in
these materials. It is known that the magnetic anomalies seen
in this system are mainly due to the presence of varying
proportions of Fe4+ /Fe3+ content in oxygen deficient
samples. Prior reports12 also indicate the existence of frac-
tional valence �Fe3+�� as a function of temperature that
would profoundly affect the magnetic properties. This va-
lence fluctuation adds to the complexity of a complete un-
derstanding of the strong correlation between electronic spin
and charge leading to exotic magnetic and transport proper-
ties.

The sharp rise in resistivity of Sample A, thermal hyster-
esis, and associated magnetic anomalies are reminiscent of
charge ordering �CO�. In that sense, these systems have simi-
larities to the perovskite oxide systems such as
Pr1−xCaxMnO3 and La1−xSr1+xMnO4 which are known to ex-
hibit charge ordering, large negative magnetoresistance,
etc.16,17

In Sample B, the oxygen deficiency is larger than that for
Sample A which reduces the overlap of Fe-Fe orbitals even
more. At the same time, the Fe4+/Fe3+ ratio changes because
of an increase in Fe3+ which contributes to excess electrons
in the eg band. This combined effect results in insulating
behavior albeit with a lower resistivity. No CO appears to
occur in this sample with a logarithmic increase in resistivity
with decreasing temperature.

The irreversibility in ZFC and FC curves in Sample A
indicate the magnetic frustration induced by the competing
affects of interlayer ferromagnetism �FM� and intralayer an-
tiferromagnetic �AFM� order due to the helical magnetism.
The degree of irreversibility is high for low applied fields
and persists up to high temperatures as seen in Fig. 3�a�.
With increasing magnetic field, the degree of irreversibility
decreases. This is consistent with the helical magnetic order
that would transform to a collinear order at high fields. In
SrFeO3 a spin angle between neighboring �111� planes has
been found to be �=46°. Strong magnetic fields can decrease
�, reducing the irreversibility.18

In comparison, Sample B exhibits a smaller degree of
irreversibility, which occurs only at low temperatures, indi-
cating the reduced frustration and possible melting of the
helical magnetic spin structure. This dilution of the helical
spin structure is possible with increasing content of Fe3+ and
its interaction with Fe4+ in SrFeO3−�, which could yield an
overall antiferromagnetic ordering.

We believe that the origin of the 230 K transition in
Samples A and B result from the exchange interactions that
dominate at temperatures between 70 and 230 K. The inter-
actions are between Fe4+-O-Fe4+ and Fe4+-O-Fe3+�, which
are antiferromagnetic �former� and ferromagnetic �latter� in
nature.19 The positive intercept of the Curie-Weiss fit, hys-
teresis in the M-H curves, and the shift of the overall M-H
loops along the field axis observed in our data up to 230 K
are all consequences of competing ferro- and antiferromag-
netic effects. In the following section, we try to explain the
occurrence of positive magnetoresistance in Sample B using

FIG. 5. Magnetization isotherms measured at different tempera-
tures for Sample A. Only low field data is shown for clarity even
though the data was acquired up to 6 T.
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the model of the Mott insulator and variable range hopping
of electrons in the localized energy levels.

E. Variable range hopping (VRH) conduction

The most notable aspect of the transport properties is the
observation of a small positive magnetoresistance at low
temperatures in Sample A and throughout the temperature
range for Sample B. It is obvious that the increase in resis-
tivity on the application of a magnetic field is related to the
opening up of the gap between the bands or is due to the
increased scattering of the electrons. The zero field resistivity
and magnetization measurements point to a localized elec-
tron spin moment in Sample B, giving rise to a semiconduct-
ing behavior. Such antiferromagnetic insulators are classified
as Mott insulators where a M-I transition could occur due to
electron correlations. Anderson pointed out that the disorder
in a solid could introduce random potential energy in the
lattice which ultimately leads to a localization of the elec-
tronic wave function.20

At low temperatures Anderson localization occurs in
many metals, semiconductors, and perovskite type oxides.
The most striking examples of this category being high TC

superconductors and colossal magnetoresistance oxides like
La�SrMn�O3.21,22 In those cases the conduction mechanism
is governed by “variable range hopping” �VRH�, where the
hopping energy �W� varies with a temperature. The systems
that undergo a VRH type of conduction follow the equation23

	 = 	0 exp�T0/T�1/�d+1�. �1�

In the above equation, “d” indicates the dimensionality of the
hopping mechanism �d=2 and 3 imply a two-dimensional
�2D� and 3D hopping conduction, respectively�. The above
equation yields a straight line on a log scale with a slope of
T0 when fitted to the resistivity data. T0 is a characteristic
temperature related to the density of states N�EF� and the
localization length �a� near the Fermi level given by22

T0 = 16/�a3kN�EF�� �2�

	0 is a constant that depends on the electron-phonon interac-
tions suggested by the relation

	0 = �10/
e2��kT/a . N�EF��1/2 �3�

The hopping in VRH takes place between localized states in
a small region close to EF. Figure 6 shows the resistivity data
fits to Eq. �1� in the temperature range 10–300 K for Sample
B at zero and 6 T fields. A perfect fit to data was obtained
with 3D VRH model. Interestingly, logarithmic resistivity
data shows a linear rise at high temperatures �65–300 K,

region II� followed by a transition to a smaller slope at low
temperatures �10–30 K, region I� and each of these regions
fit to the 3D VRH form of hopping conduction albeit with
different slopes implying a varying localization length, a

�Eq. �2��. Intriguingly, this crossover from regions I to II
occurs around the magnetic anomaly of Sample B �68 K�.
The double slope behavior is due to the multiphonon assisted
hopping in different temperature regimes �regions I and II�,
which is seen in a few insulating High-TC phases.21 In a solid
with a high disorder a large network of varying potential
barriers hamper the mobility of the electron and in such
cases, the electron percolates through the network in a set of
varied jumps than a single jump, assisted by the phonons to
reach the final state. The energy necessary �W� is gained
from the phonons and the electron attains its final state
through the indirect hops assisted by the two levels of pho-
non energy. The necessary energy for a hop can be calculated
using the relation23

W = 3/�4�R3N�EF�� , �4�

where R is the hopping distance in angstroms calculated
from

R = �3a/�2�N�EF�kT��1/4. �5�

The calculated values of T0 , a , R, and W �R and W at 10
K� using Eqs �1� and �3�–�5� for Sample B in regions I and II
at 0 and 6 T are given in Table I. Density of states at the
Fermi level N�EF� was evaluated from the values given by
Jaya et al.,24 28.365 states/Ry cell and a value of 3.6

FIG. 6. Resistivity curves showing fit to variable range hopping
model �Eq. �1�� in the temperature range 10–300 K for Sample B
measured at 0 and 6 T. The crossover from regions I to II occurs
around the magnetic anomaly shown in Fig. 2.

TABLE I. Calculated values of T0 , a , R, and W�at 10 K� for Sample B in regions I and II at 0 and 6 T.

Magnetic
field �T�

Region I �10−30� K Region II �75−300� K

T0 �K� a �Å� R �Å� W �meV� T0 �K� a �Å� R �Å� W �meV�

0 67.370 0.425 0.284 28.8 1.95�105 2.98 0.146 2.11

6 130.20 0.341 0.270 34.0 1.84�105 3.04 0.147 2.08
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�1022 eV−1 cm−3. From the table it can be noted that in-
creasing the magnetic field causes an increase in T0, which in
turn causes a decrease in the localization length “a.”

It is known that the spatial extension and the orbital over-
lap could decide the overall increase or decrease of resis-
tance depending on which one is greater. A comparison be-
tween the localization lengths �a� of measured data at 0 and
6 T indicates that, the value of “a’’ at 6 T is smaller than that
calculated for 0 T �Table I�. A decrease in localization length
directly affects the overlap integral resulting in the shrinkage
of orbital overlap causing an increase of the resistance with
field. On the other hand, at high temperatures the differences
in the values of T0 and a are marginal influencing the overall
magnetoresistance, which is very small. Our above argu-
ments provide concluding evidence to this effect, quantified
by the model of Anderson localization in disorder solids.

Positive magnetoresistance seen in the perovskite
La2/3Ca1/3MnO3−� was attributed to an increase in the gap by
Barner et al.25 Such a gap arises from the increase in the
localized spin angle ��� increasing the antiferromagnetic
component as the �→�. At �=0 the material is a ferromag-
net. Magnetic interactions via polarized electrons which lead
to double exchange are given by26

E = − J1S ± b cos��/2� , �6�

where � is the angle between the localized spins, J1 is the
interatomic exchange energy, and b is the spin independent
exchange integral.

When �→�, in the T−x phase diagram, x the carrier
density progressively decreases, splitting the spin-up and
spin-down bands, and opening up a gap, leading to an insu-
lator behavior, as observed in Sample B.24 With an increase

in magnetic field and with N�EF� remaining constant, in ma-
terial showing positive magnetoresistance with a lower mag-
netization, the band gap further increases reducing the carrier
density and enhancing the magnetoresistance. The low tem-
perature positive magnetoresistance of Sample A may also
occur due to a similar mechanism seen in Sample B.

IV. CONCLUSIONS

To conclude, we have investigated the electrical and mag-
netic properties of two insulating phases of SrFeO3−� due to
oxygen deficiency, one with �=0.17 �Sample A� and the
other with �=0.205 �Sample B�. Negative magnetoresistance
seen in Sample A is due to the conventional double exchange
processes, whereas the low temperature positive magnetore-
sistance appears to arise from the opening up of the band gap
due to the antiferromagnetic interactions. The most important
finding of this investigation is the observation of a magnetic
anomaly �230 K, due to which the high temperature data at
T�TN could not be fitted to a Curie-Weiss law. At low tem-
peratures both of them behave as Mott insulators obeying
variable range hopping type of conductivity. The varying va-
lence state of Fe, plays a strong role in determining the elec-
trical and magnetic properties in these ferrate systems.
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