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Sr3Fe22xCoxO72d oxides crystallizing in a tetragonal perovskite-
related intergrowth structure have been synthesized for
04x40.8 and characterized by X-ray powder di4raction, wet-
chemical analysis, and electrical and magnetic measurements.
The lattice parameters, oxygen content, and average oxidation
state of iron and cobalt decrease with increasing Co content x.
However, the samples show instability on exposure to ambient
air for prolonged periods of time due to a possible reaction with
H2O and CO2. Resistivity measurements indicate that the sam-
ples exhibit a semiconducting behavior at low temperatures
(804T4680 K) and the resistivity value decreases with in-
creasing Co content. For T'680 K, the resistivity versus tem-
perature plots exhibit a change in the sign of the slope from
negative to positive due to oxygen loss at higher temperatures.
Low-temperature resistivity data show an exponential temper-
ature dependence of qJexp(T0/T )m with m 5 1

2 for samples with
04x40.25 and m 5 1

4 for samples with 0.64x40.8 suggesting
a transition from activated carriers involving a coulomb gap to
thermally activated hopping as the Co content increases. SQUID
magnetometer measurements indicate a transition from antifer-
romagnetic behavior to weak ferromagnetic behavior as the Co
content increases. ( 2001 Academic Press

1. INTRODUCTION

The discovery of high-T
#

superconductivity in layered
copper oxides having perovskite-related intergrowth struc-
tures (1) has intensi"ed during the past decade the investiga-
tion of the structure}property relationships of 3d transition
metal oxides. Some of the perovskite-related 3d transition
metal oxides exhibit interesting electrical and magnetic
properties due to the existence of small energy gaps either
between the O:2p and metal:3d levels (charge transfer insu-
lator) or between the lower and upper Hubbard bands
(Mott}Hubbard insulator). The perovskite oxides have also
drawn much attention recently due to the discovery of
colossal magnetoresistance in the La

1~x
A

x
MnO

3
(A"Sr,

Ca, Ba) system (2), and high oxygen permeation rates in the
1To whom correspondence should be addressed.
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family of mixed electronic}ionic conductors La
1~x

Sr
x
Fe

1~y
Co

y
O

3
(3).

Strontium iron oxides with iron in the 3#/4# oxidation
state form a Ruddlesden}Popper series of intergrowth ox-
ides having the general formula Sr

n`1
Fe

n
O

3n`1
. Among

them, the crystal structure of the n"2 member Sr
3
Fe

2
O

7
can be described as having layers stacked along the c-axis
with two SrFeO

3
perovskite layers alternating with a SrO

rock-salt layer (Fig. 1). The Sr
3
Fe

2
O

7~d phase exhibits
a wide range of oxygen nonstoichiometry 04d41 without
undergoing any change in the symmetry of the crystal struc-
ture (4). Electrical transport (5) and magnetic measurements
(5}8) have shown that Sr

3
Fe

2
O

7~d is a semiconductor and it
orders antiferromagnetically at low temperatures for the
whole range of oxygen nonstoichiometry (04d41). Addi-
tionally, Mossbauer spectroscopy of Sr

3
Fe

2
O

7
has in-

dicated a charge density wave corresponding to the
disproportionation of Fe4` into Fe5` and Fe3` (5}7). More
recently, Adler et al. (6) have reported a pressure-driven
insulator to metal transition in Sr

3
Fe

2
O

7
at P+20 GPa.

Adler et al. (6) have suggested that the application of high
pressure strengthens the Fe(3d)}O(2p)}Fe(3d) covalent in-
teraction and thereby leads to a closing of the charge density
wave gap in the p* conduction band.

Structural and magnetic properties have also been re-
ported for A¸n

2
Fe

2
O

7
(A"Sr or Ba and ¸n"lanthanide)

(9, 10), Sr
2.6

Ba
0.4

Fe
2
O

7~d (5) and Sr
2.7

La
0.3

Fe
2
O

7~d (5) in
which the A-site has been partially substituted by lanthan-
ides. Additionally, substitution of Ru for Fe in the B site has
also been studied by Battle et al. (11). Sr

3
FeRuO

7
has been

found to exhibit a spin glass behavior. However, little or no
attempts have been made to study the e!ect of substitution
of Co for Fe on the properties of Sr

3
Fe

2
O

7~d. Recently, we
investigated the e!ect of Co substitution on the oxygen
permeation properties of Sr

3~x
La

x
Fe

2~y
Co

y
O

7~d (12, 13)
and LaSr

3
Fe

3~x
Co

x
O

10~d (14). The Co substitution was
found to improve both the electronic and oxide-ion
conductivity at high temperatures resulting in higher
oxygen permeation #ux values. The increase in electronic
conductivity and oxygen permeation #ux was attributed to
7
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FIG. 1. Crystal structure of Sr
3
Fe

2
O

7
.

FIG. 2. X-ray powder di!raction patterns of the oxygen-annealed
Sr

3
Fe

2~x
Co

x
O

7~d samples.
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the increase in the covalency of the B(3d)}O(2p) bond. We
present in this paper the e!ect of Co substitution on the
crystal chemistry, electrical conductivity, and magnetic
properties of the Sr

3
Fe

2~x
Co

x
O

7~d system. During the re-
view process of this manuscript, we also came across an-
other study by Ghosh and Adler (15) reporting the
substitution of 10% Co for Fe to obtain Sr

3
Fe

1.8
Co

0.2
O

&7
.

They have reported a large negative magnetoresistance ef-
fect at low temperatures (45% at 5 K and 9 T) for this
composition and suggested the existence of strong fer-
romagnetic and competing antiferrromagnetic interactions
leading to a cluster-glass-like magnetic behavior.

2. EXPERIMENTAL

The Sr
3
Fe

2~x
Co

x
O

7~d samples with 04x41.0 were
prepared by a solid-state reaction of SrCO

3
, Fe

2
O

3
, and

Co
3
O

4
. Required quantities of the raw materials were

ground and calcined "rst at 9003C for 12 h in air. The
mixture was then reground, pressed into pellets, and "red at
13003C for 24 h in air. The samples were then divided into
two sets and subjected to a post-heat treatment. The "rst set
of samples were heated at 9003C for 1 h in air, cooled at a rate
of 13C/min to 5003C, maintained at 5003C for 6 h and then
cooled to room temperature at a rate of 13C/min. This set of
samples is designated as &&air-annealed samples.'' The second
set of samples were also subjected to a similar heat treatment
procedure, but in oxygen atmosphere instead of air. This set
of samples is designated as &&oxygen-annealed samples.''

The samples were characterized by X-ray powder di!rac-
tion recorded with a Phillips APD 3520 di!ractometer using
CuKa radiation and a graphite monochromator. The X-ray
data were collected with a counting time of 10 s per 0.023
and re"ned by the Rietveld method with the DBWS-9411
program (16). The oxidation state of (Fe, Co) and the oxygen
content were determined by iodometric titration (17). Ther-
mogravimetric analysis (TGA) plots were recorded with
a Perkin-Elmer Series 7 thermal analyzer with a heating rate
of 13C/min in a #owing mixture of 80% N

2
and 20% O

2
.

High-temperature (4504¹41213 K) conductivity
measurements were carried out in air with disc samples
using a four-probe dc technique with the Van der Pauw
con"guration. Low-temperature (804¹4300 K) con-
ductivity measurements were carried out with bar-shaped
samples with a four-probe technique. Magnetic measure-
ments were carried out with a Quantum design SQUID
magnetometer in the temperature range 54¹4320 K.

3. RESULTS AND DISCUSSION

Figure 2 shows the X-ray powder di!raction patterns of
the oxygen-annealed Sr

3
Fe

2~x
Co

x
O

7~d samples for



FIG. 3. (a) TGA plot of the Sr
3
Fe

2
O

7~d sample. The plot was recorded in a gas mixture of 20% O
2

and 80% N
2

with heating and cooling rates of
13C/min. (b) X-ray di!raction pattern of the Sr

3
Fe

2
O

7~d sample at room temperature and ¹"2003C. Prior to the TGA and X-ray experiments, the
sample had been exposed to the ambient atmosphere for several days.
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04x41.0. The data indicate that single phase samples are
formed for 04x40.8. For the x"1 sample, the presence
of a small peak at 2h"33.73 suggests the formation of an
unknown secondary phase. However, all the samples were
found to experience instability in ambient air at room tem-
perature. Figure 3a shows the TGA plot of the x"0 sample
that has been previously exposed to ambient air at room
temperature for several days. The TGA data show that
the sample loses weight in two steps during heating.
The "rst step is between room temperature and 2503C,
and the second step is between 300 and 9003C. While
the weight loss corresponding to the second step is nearly
reversible, that corresponding to the "rst step is irreversible.
Figure 3b shows the X-ray di!raction patterns of this
sample recorded at room temperature and at 2003C.
While the pattern recorded at room temperature shows an
extra re#ection around 2h"33.53 corresponding to a
secondary phase, the pattern recorded at 2003C shows
a single phase Sr

3
Fe

2
O

7~d without the secondary phase.
From this observation, we conclude that the secondary
phase formed is due to the reaction of Sr

3
Fe

2
O

7~d at
room temperature with CO

2
or moisture present in

ambient air. The reaction of the samples with ambient air
and the formation of the secondary phase were found to
become more pronounced with increasing Co content in
Sr

3
Fe

2~x
Co

x
O

7~d.
The lattice parameters of the Sr
3
Fe

2~x
Co

x
O

7~d phases
were re"ned by the Rietveld method on the basis of the
tetragonal space group I4/mmm. The variations of lattice
parameters with Co content are shown in Fig. 4 for both the
air-annealed and oxygen-annealed samples. The a and
c parameters and the unit cell volume < decrease with
increasing Co content due to a substitution of a smaller
Co3`@4` for Fe3`@4`. For a given Co content, the oxygen-
annealed samples have smaller a and c parameters and cell
volume compared to the air-annealed samples due to
a higher oxygen content and oxidation state for (Fe, Co) (see
below).

Figure 5 shows the variations of the oxygen content and
the average oxidation state of (Fe, Co) with the Co content
in Sr

3
Fe

2~x
Co

x
O

7~d. All the samples show oxygen contents
of less than 7.00, but the oxygen-annealed samples have
higher oxygen contents than the air-annealed samples. The
oxygen content values of the x"0 samples are in close
agreement with that reported previously for samples an-
nealed in air and oxygen (4, 18). The oxygen content and the
average oxidation state of (Fe, Co) decrease slightly as the
Co content increases. This is due to the di$culty of stabiliz-
ing Co4` compared to Fe4`.

Figures 6a and 6b show the temperature variations of the
electrical resistivity (o) in the low (754¹4300 K)- and
high (4504¹41200 K)-temperature regions, respectively,



FIG. 4. Variations of lattice parameters and cell volume of air-an-
nealed and oxygen-annealed Sr

3
Fe

2~x
Co

x
O

7~d samples with Co content
x. Open symbols refer to samples showing an unknown secondary phase.

FIG. 6. Temperature dependence of the resistivity of air-annealed
Sr

3
Fe

2~x
Co

x
O

7~d samples in air: (a) low temperature region (804¹4

300 K and (b) high-temperature region (4504¹41250 K).
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for Sr
3
Fe

2~x
Co

x
O

7~d with 04x40.6. The resistivity
measurements (Fig. 6a) were carried out with the air-an-
nealed samples. In the low-temperature region, o decreases
as ¹ increases, indicating a semiconducting behavior for all
the samples. In the higher temperature region, the o versus
FIG. 5. Variation of oxygen content and average oxidation state of
Fe and Co with Co content in Sr

3
Fe

2~x
Co

x
O

7~d.
¹ curves exhibit a change in the sign of the slope with
a resistivity minimum at a temperature 6304¹

5
4730 K.

The value of ¹
5
decreases with increasing Co content x in

Sr
3
Fe

2~x
Co

x
O

7~d.
In order to understand the origin of the change in slope in

the o versus ¹ curves, we carried out TGA measurements in
air for air-annealed Sr

3
Fe

2~x
Co

x
O

7~d with 04x40.6.
Before the TGA experiments, the samples were dried in air
at 2003C to remove any impurity phase formed by exposure
to ambient air (see Fig. 3). The variations of oxygen content
with temperature (obtained from TGA data) are shown in
Fig. 7. The initial oxygen contents in Fig. 7 before the
TGA experiments were obtained from iodometric titration
(Fig. 5). The samples begin to lose oxygen around
¹"300}3503C and the temperature at which oxygen loss
begins to occur decreases with increasing Co content x. For
a given temperature, the oxygen vacancy concentration
d increases with increasing Co content. This is due to the
di$culty of stabilizing Co4` compared to Fe4` as we
pointed out earlier. Previous neutron di!raction experi-
ments of Sr

3
Fe

2
O

7~d at room temperature have located the
oxygen vacancies in the O(1) sites (Fig. 1) between the
two FeO

2
sheets (4). However, the oxygen vacancies

may be located in the O(2) and O(3) sites as well at high



FIG. 7. TGA plots of the air-annealed Sr
3
Fe

2~x
Co

x
O

7~d samples
recorded in a gas mixture of 20% O

2
and 80% N

2
with a heating rate of

13C/min. The samples were predried in air at 2003C prior to the TGA
experiments.

FIG. 9. (1/¹)1@n dependence of the resistivity of air-annealed and oxy-
gen-annealed Sr

3
Fe

2~x
Co

x
O

7~d samples.
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temperatures. The TGA data in Fig. 7 suggest that the
increase in resistivity with increasing temperature at ¹'¹

5
in Fig. 6b is due to the loss of oxygen from the lattice.
The increase in the concentration of oxygen vacancies
results in an increase in the trapping of carriers and a
lowering of carrier mobility which lead to an increase in
resistivity, with temperature as found previously in the
La

1~x
Sr

x
Fe

1~y
Co

y
O

3~d system (19).
Figure 8 displays the o/o

RT
(RT refers to room temper-

ature of 300 K) versus ¹ curves in the low temperature
(754¹4300 K) region for Sr

3
Fe

2~x
Co

x
O

7~d with
FIG. 8. Variations of o/o
RT

with temperature for the air-annealed and
oxygen-annealed Sr

3
Fe

2~x
Co

x
O

7~d samples.
04x40.8 and with di!erent oxygen content values
depending on whether the samples are air-annealed or oxy-
gen-annealed. Although all the samples show a semicon-
ducting behavior, the value of o/o

RT
at ¹+80 K decreases

four orders of magnitude on going from the air-annealed
x"0 sample to the oxygen annealed x"0.8 sample.
Ghosh and Adler (15) have reported similar results for
Sr

3
Fe

1.8
Co

0.2
O

&7
. They found the low-temperature resis-

tivity for this composition to be about 2 orders of magni-
tude lower than the x"0 composition Sr

3
Fe

2
O

&7
. An

analysis of the data in Fig. 8 using the relation,

o"o
0
e(T0@T)1@n , [1]

indicates a change in the value of the parameter n from
n"2 to n"4 on going from the air-annealed x"0.0 to the
oxygen-annealed x"0.8 sample. This analysis is shown in
Fig. 9. In Fig. 9, the ln (o/o

RT
) versus (1/¹)1@2 (n"2) plots

for the air-annealed Sr
3
Fe

2~x
Co

x
O

7~d samples with x"0
and 0.25 exhibit a remarkable linearity in the whole temper-
ature range. Similarly, the ln (o/o

RT
) versus (1/¹)1@4 (n"4)

plots for the oxygen-annealed Sr
3
Fe

2~x
Co

x
O

7~d samples
with x"0.6 and 0.8 exhibit a remarkable linearity in the
whole temperature range in Fig. 9.

Materials with semiconducting behavior exhibit a tem-
perature dependence according to Eq. [1], in which the
parameter n is related to the conduction process and it can
have integer values between 1 and 4. A value of n"4 is
expected for a disordered system of electronic states locali-
zed close to the Fermi level (20). However, if the ele-
ctron}electron interaction in these electronic states is
signi"cant, a coulomb gap may open at the Fermi level and



TABLE 1
Magnetic Data of Sr3Fe22xCoxO72d

Co content,

x

Annealing

atmosphere

Oxidation

state of

(Fe, Co) k
%&&

(k
B
) h (K) ¹

#
(K)a Tg(K)b

0 Air 3.74 5.33 !18 * *

0.2 Air 3.70 5.37 48 60 45

0.4 Air 3.67 5.05 100 80 45

0.6 Air 3.67 4.48 157 120 60

0.0 Oxygen 3.8 6.15 !9 * *

0.25 Oxygen 3.77 5.7 63 60 40

0.4 Oxygen 3.76 5.1 150 60 45

0.6 Oxygen 3.76 4.83 190 140 60

0.8 Oxygen 6.73 4.91 170 160 55

a¹
#

corresponds to the maximum in Dds
.
/d¹D.

b¹
'

corresponds to the maximum in the zero-"eld cooled s
.

versus
¹ curves.
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a value of n"2 is expected according to Efros and
Shklovskii (21) for such a system. For example, a value of
n"2 has been reported previously for Y

2
SrCu

0.6
Co

1.4
O

6.5
(22) at relatively higher temperatures 1854¹4570 K, and
for La

1~x
Sr

x
CoO

3~d with 04x40.2 (23). The increase in
the value of n from 2 to 4 with increasing Co content in the
Sr

3
Fe

2~x
Co

x
O

7~d system suggests that the coulomb gap
arising from correlation e!ects in the p* conduction band
tends to close with increasing Co content. As we pointed out
earlier, the substitution of Co for Fe increases the band-
width wp of the p* conduction band due to a strengthening
of the (Fe, Co)}O}(Fe, Co) covalent interaction and thereby
decreases the coulomb gap. It is likely that the
Sr

3
Fe

2~x
Co

x
O

7~d samples with higher Co content and
with no oxygen vacancies may exhibit metallic behavior due
to a closing of the coulomb gap.

Magnetic susceptibility measurements were carried out
both with air-annealed and oxygen annealed Sr

3
Fe

2~x
Co

x
O

7~d (04x40.8) samples under zero-"eld-cooled (zfc)
and "eld-cooled (fc) conditions. Figure 10 shows the
variation of the molar magnetic susceptibility s

.
with

temperature for the oxygen-annealed samples. As the Co
content increases, the samples tend to exhibit spontaneous
magnetization at lower temperatures, indicating a fer-
romagnetic behavior. The ferromagnetic ordering temper-
atures ¹

#
computed from the data in Fig. 10 are given in

Table 1. The ¹
#

value and the spontaneous magnetization
increase with increasing Co content until x"0.6. For
example, the "eld-cooled s

.
value at 5 K increases by two

orders of magnitude on increasing the Co content x from
0 to 0.6. However, the sample with x"0.8 exhibits lower
spontaneous magnetization than the sample with x"0.6.
This could be due to a partial decomposition of the x"0.8
FIG. 10. Variation of molar magnetic susceptibility of oxygen-
annealed Sr

3
Fe

2~x
Co

x
O

7~d with temperature. The experiments were car-
ried out with an applied "eld of 1000 Oe. Solid and open symbols refer,
respectively, to "eld-cooled and zero-"eld-cooled data.
sample originating from a chemical instability of these com-
pounds as the Co content increases. The zero-"eld-cooled
s
.

versus ¹ curves show a maximum at a temperature
¹

'
(¹

#
, suggesting a spin-glass or cluster-glass behavior

due to competing ferromagnetic and antiferromagnetic in-
teractions (15). The value of ¹

'
increases slightly with in-

creasing Co content (Table 1).
Figure 11 shows the variation of inverse molar magnetic

susceptibility with temperature for Sr
3
Fe

2~x
Co

x
O

7~d
(04x40.8). Both the Weiss constant h and the e!ective
magnetic moment k

%&&
per (Fe, Co) atom obtained from an

extrapolation of the data in the high-temperature linear
region (220}320 K) are given in Table 1. The h values for
Sr

3
Fe

2
O

7~d with d"0.2 and 0.26 are, respectively, !18
and !9 K, which are in good agreement with previous
reports (7); the negative value of h indicates antiferromagnetic
FIG. 11. Variation of inverse molar magnetic susceptibility of oxygen-
annealed Sr

3
Fe

2~x
Co

x
O

7~d with temperature.
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interactions in the undoped samples with x"0. As the Co
content x increases, the slope of the linear region increases
and the value of h becomes positive, suggesting a transition
from antiferromagnetic to ferromagnetic correlations. The
Weiss constant (h&48 K) obtained for an air-annealed
sample with Co content x"0.2 is remarkably smaller
than that reported (h&190 K) for the same composition
with low oxygen vacancy concentration (15). The
oxygen vacancies appear to decrease the oxidation state of
the transition metal ions and suppress the ferrromagnetic
correlation. In the case of the samples with x50.4, the
h values are higher than ¹

#
as expected for ferromagnetic

materials.
The k

%&&
value decreases with increasing Co content

for both the air-annealed and oxygen-annealed samples
(Table 1). Similar to the Weiss constant h, the value of
k
%&&

also decreases as the oxygen vacancy concentration
d increases. For a given Co content x, the oxygen-annealed
samples have higher k

%&&
than the air-annealed samples.

Assuming that the Fe3` (t3
2ge2g ) (S"5/2) and Fe4` (t3

2ge1g ) (S
"2) ions are in the high spin states (24), the decrease in
k
%&&

with increasing Co content may suggest the presence of
low spin CoIII (t6

2ge0g ) (S"0) and CoIV (t5
2ge0g ) (S"1/2) ions

rather than high spin Co3` (t4
2g e2g ) (S"2) and Co4` (t3

2ge2g )
(S"5

2
) since the low spin con"gurations have lower mag-

netic moment than the high spin con"gurations. However,
the onset of weak ferromagnetism with increasing Co con-
tent suggests the nucleation of small regions where fer-
romagnetic coupling through superexchange interactions
involving Co ions in the high spin con"gurations may be
taking place (15, 23, 25, 26). Therefore, both high spin and
low spin (or intermediate spin) Co ions may be present in
Sr

3
Fe

2~x
Co

x
O

7~d.
FIG. 12. Variation of zero-"eld-cooled magnetization with applied
"eld at 5 K for oxygen-annealed Sr

3
Fe

2~x
Co

x
O

7~d.
In order to gain more understanding of the magnetic
properties, "eld dependence of the magnetization was
studied at 5 K for the zero-"eld cooled samples. Figure 12
shows the "eld dependence for the oxygen-annealed
Sr

3
Fe

2~x
Co

x
O

7~d samples with 04x40.8. While the
x"0 sample shows no hysterisis loop, the samples with
x50.25 tend to exhibit loops. As the Co content increases,
the loops become more prominent and the coercive "eld
H

#
increases and becomes constant around 0.7 ¹ at higher

Co contents. However, the spontaneous magnetization is
low for all the samples and the magnetization is not
saturated even at a "eld of 5 T (50,000 Oe). This suggests
weak ferromagnetism with spin-glass behavior.

4. CONCLUSIONS

Sr
3
Fe

2~x
Co

x
O

7~d samples have been synthesized for
04x40.8. These samples have a tetragonal structure
(space group I4/mmm) isotypic with the parent Sr

3
Fe

2
O

7~d.
The samples show chemical instability on exposure to ambi-
ent air due to reactions with moisture or CO

2
. The substitu-

tion of Co for Fe decreases the lattice parameters and
improves the (Fe, Co)}O}(Fe, Co) covalent interaction re-
sulting in an increase in electrical conductivity. The samples
exhibit semiconducting behavior following the relation
oJexp(¹

0
/¹)1@n, but the value of the parameter n increases

from 2 to 4 with increasing Co content, suggesting
a transition from activated carriers involving a coulomb gap
to thermally activated hopping. The samples become weak-
ly ferromagnetic with increasing Co content, suggesting the
presence of both low-spin and high-spin Co ions.
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