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Variations in physical properties due to Co ions in
La0.9Sr0.1Fe12xCoxO3 (x440.5) in which short-range ferromag-
netic orders are expected to work predominantly at a rather
large x have been investigated so as to elucidate Co states. dc and
ac measurements indicate that a hopping process of small polar-
ons dominates electronic conduction, but there is a large reduc-
tion in hopping energy when x increases from 0.1 to 0.5. This
reduction is related to the structural transition induced by an
increase in Co content. A spin-glass phase due to short-range
ferromagnetic orders is recognized for x 5 0.5 in magnetic
measurements. A Curie+Weiss relation realized for x 5 0.5 and
comparison of the thermopower extrapolated experimentally at
TPR with magnitudes estimated theoretically deduce that all
or most of Co ions in La0.9Sr0.1Fe12xCoxO3 are HS Co31 and IS
Co41 ions. ( 2001 Academic Press

Key Words: short range ferromagnetic order; spin-glass
phase; double-exchange interaction, Curie+Weiss relation; e4ec-
tive magnetic moment; spin-state; Fe-antiferromagnetism; small
polaron; hopping energy; thermopower.

1. INTRODUCTION

The present study investigates electronic and magnetic
properties due to Co ions in La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
. Since

La
0.9

Sr
0.1

Fe
1~x

Co
x
O

3
is a solid solution of La

0.9
Sr

0.1
FeO

3
and La

0.9
Sr

0.1
CoO

3
, it is useful to understand out-

lines of the experiments carried out previously on end mem-
bers, La

1~x
Sr

x
FeO

3
and La

1~x
Sr

x
CoO

3
, for a start.

LaFeO
3
, the end member of La

1~x
Sr

x
FeO

3
, is an antifer-

romagnetic insulator with NeH el temperature, ¹
N
+750 K.

With increasing x up to 0.4, NeH el temperature lowers and
resistivity reduces (1). La

1~x
Sr

x
FeO

3
crystallizes in orthor-

hombic structure (Pbnm) and the valence of Fe ions in this
system varies from #3 (3d5, x"0) to #4 (3d4, x"1) with
increasing x. XAS (soft X-ray absorption spectroscopy)
1To whom correspondence should be addressed. Fax: #81-45-331-
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spectrum indicates that the main component in LaFeO
3

ground state is high-spin (HS) state (3d5, t3
2'

e2
'
) (2). Since the

holes created by Sr2` substitution for La3` go to states of
primary O 2p character, the main component of the ground
state transfers to 3d5¸

1
in La

1~x
Sr

x
FeO

3
, where ¸

1
denotes

a ligand hole. Thus, Sr substitution brings about the strong
covalent character in the ground state. This is also evid-
enced by XPS (X-ray photoelectron spectra) experiment (3).

It is well known that LaCoO
3

exhibits the transport and
magnetic properties peculiar to this oxide and that thermal-
ly induced spin-state transition of Co3` ions causes these
properties (4). At very low temperature, Co3` ions are all in
low-spin (LS) state (t6

2'
) because crystal-"eld splitting

strength (10 Dq) is slightly larger than Hund's rule coupling
energy (J). Such a small energy di!erence between 10 Dq
and J allows thermal excitation of HS state (t4

2'
e2
'
) or inter-

mediate-spin (IS) state (t5
2'

e1
'
) with increasing temperature

(5). La
1~x

Sr
x
CoO

3
system has been extensively studied

(6}13). Sr-substitution for La oxidizes Co3` (3d6) partially
into Co4` (3d5), and several spin con"gurations have been
proposed for Co4` in La

1~x
Sr

x
CoO

3
, i.e., LS (t5

2'
) (14), HS

(t3
2'

e2
'
) (6), or IS (t4

2'
e1
'
) states (15). When x in La

1~x
Sr

x
CoO

3
is small (0.034x40.07), strongly hybridized 3d}2p

bands due to e
'
electrons on IS Co3` (t5

2'
e1
'
) are formed and

the holes with a strong component of d
x
2~y

2 parentage of the
e
'

state (3d6¸
1
-ligand holes) move within the lattice by hop-

ping (16). Since this hybridization becomes strong with
increasing x, the similar conduction is expected in
La

0.9
Sr

0.1
CoO

3
. La

1~x
Sr

x
CoO

3
crystallizes in rhom-

bohedral structure (R31 C) and a paramagnetic to ferromag-
netic phase transition occurs at x+0.2 (17, 18). La

1~x
Sr

x
CoO

3
includes a spin-glass phase (x40.18) and a clus-

ter-glass phase (0.18(x40.25) at ¹4¹
'

and a long-
range ferromagnetic ordered phase (0.25(x40.5) below
¹

C
, where ¹

'
and ¹

C
are spin-glass freezing temperature

and Curie}Weiss temperature, respectively (19).
Magnetic and structural properties in the La

0.7
Sr

0.3
Fe

1~x
Co

x
O

3
system were explored by neutron di!raction

and ac magnetization measurements (20). A transition from
5
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Copyright ( 2001 by Academic Press
All rights of reproduction in any form reserved.



216 NAKATSUGAWA AND IGUCHI
orthorhombic to rhombohedral structure occurs at x"0.5.
This oxide system exhibits ferromagnetic behavior at
x50.6, but antiferromagnetic feature at x40.2. In the
intermediate range of 0.34x40.5, the competition be-
tween ferromagnetic structure mainly due to Co and antifer-
romagnetic structure based upon Fe causes the complex
behavior. The most signi"cant Co e!ect in La

0.7
Sr

0.3
Fe

1~x
Co

x
O

3
is to enhance Co3`}O2~}Co4` double-ex-

change (DE) interaction (21}23), which results in long-range
ferromagnetic orders. Spin states of Co ions are, however,
still unknown. The replacement of Fe with Co decreases
unit cell volume and this is due to the ionic radius of Co
smaller than Fe.

Referring to the experiment on La
1~x

Sr
x
CoO

3
described

above, short-range ferromagnetic orders must be mainly
responsible for magnetic nature, resulting in a spin-glass
phase, when the amount of holes is small because x in
La

1~x
Sr

x
CoO

3
also represents density of holes, but long-

range ferromagnetism is expected when the amount of holes
is large. La

0.7
Sr

0.3
Fe

1~x
Co

x
O

3
(x50.5) does not contain

a spin-glass phase because of long-range ferromagnetic or-
ders due to the large amount of holes. In La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
, short-range ferromagnetic orders are

expected to dominate magnetic properties at a rather large
x, consequently resulting in a spin-glass phase, although this
material must involve mainly antiferromagnetic natures
based upon Fe-antiferromagnetism when x is small as well
as La

0.7
Sr

0.3
Fe

1~x
Co

x
O

3
. Since La

0.7
Sr

0.3
Fe

1~x
Co

x
O

3
has been investigated in detail (20), it is very interesting to
elucidate Co-states in a material in which short-range
ferromagnetic orders work predominantly.

From this point of view, the present study has investi-
gated Co-e!ects on variations of physical properties in
La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
. This experiment could provide es-

sential knowledge of Co-states in this system. Furthermore,
the low density of holes in La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
com-

pared with La
0.7

Sr
0.3

Fe
1~x

Co
x
O

3
results in rather high

resistivity. As our previous reports indicate (16, 24}33), dc
conductivity measurements on rather less conductive insu-
lators are supported by ac measurements and can provide
very reliable information on electronic conduction. The
combination of dc and ac measurements is impossible for
La

0.7
Sr

0.3
Fe

1~x
Co

x
O

3
because of high conductivity due to

the high density of holes, but possible partially for
La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
. Thermopower measurement is

also employed because the recent theoretical study on the
¹PR limit of the thermopower (34, 35) makes it possible
to elucidate spin states of Co ions by comparing the theoret-
ical value with the experimental one. Magnetic measure-
ment is indispensable in elucidation of magnetic properties
and spin-states of ions. Based upon a strategy like this,
measurements of dc conductivity, ac properties, ther-
mopower and magnetic properties have been carried out on
La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
so as to investigate variations in
electronic and magnetic properties due to a change in Co
content, and then the results have been discussed in terms of
electronic states of Co ions.

2. EXPERIMENTAL DETAILS

Polycrystalline specimens of La
0.9

Sr
0.1

Fe
1~x

Co
x
O

3
(x"0.1 and 0.5) were prepared by the conventional ceramic
method, using dried La

2
O

3
, SrCO

3
, Co

3
O

4
, and Fe

2
O

3
powders (4N grades) as starting materials. The appropriate
mixtures of these powders were calcined in air at 1373 K for
1 day. Then, the powders were pressed into pellets and
"nally sintered in air at 1623 K for 1 day. All of the sintered
pellets were analyzed, using an X-ray di!ractometer with
a graphite monochromator and CuKa radiation with step
scanning. Silicon powder (5N grade) was used as an internal
standard for precise lattice parameter measurements. The
powder X-ray di!raction patterns showed formation of
a single-phase compound and no impurity line was in-
volved. Chemical analyses by redox titration determined the
oxygen contents of the specimens, i.e., La

0.9
Sr

0.1
Fe

0.9
Co

0.1
O

2.99
and La

0.9
Sr

0.1
Fe

0.5
Co

0.5
O

2.98
, as slightly oxygen-

de"cient in both specimen. The experimental error of the
oxygen content is within $3%.

Using an HP 4284A LCR meter with the frequency range
20 Hz to 1 MHz, the capacitance and conductance were
obtained as functions of temperature by the four-terminal
pair ac impedance measurement method. The measured
values of the capacitance and the conductance were correc-
ted by calibrating the capacitance and the resistance of the
leads as zero. An In}Ga alloy in a 7 : 3 ratio was used for the
electrode. Evaporated gold was also used for the electrode,
but no signi"cant di!erence was found in the experimental
results. In order to check the surface capacitance e!ect,
capacitance measurements were carried out at 200 K in the
frequency range of 10 kHz to 1 MHz by changing the thick-
ness of the specimen from 1.2 to 0.6 mm, and the dielectric
constants were independent of the thickness. Thus, surface
e!ects were not included in the dielectric properties ob-
tained in the present experiment.

Thermopower was measured with a precision digital
multimeter in the temperature range of 100}330 K in
a home-made device. Both ends of the specimen were placed
between two blocks machined from oxygen-free high con-
ductivity copper; a temperature di!erence of 5}10 K was set
up between the two electrodes. Copper-constantan ther-
mocouples were welded to the reverse side of each copper
plate to measure both the temperature and the thermoelec-
tric voltage. A Keithley 619 resistance bridge, an Advantest
TR 6871 digital multimeter, and an Advantest R 6161 power
supply were used for dc conductivity measurements by the
four-probe method. Copper-constantan thermocouple pre-
calibrated at 4.2, 77, and 273 K was used for the temper-
ature measurements. The magnetic susceptibilities were



FIG. 2. Complex-plane impedance analyses for La
0.9

Sr
0.1

Fe
1~x

Co
x
O

3
specimen with x"0.1 at several temperatures; (a) 100 K, (b) 150 K

and (c) 250 K, where Z@ and ZA represent real and imaginary parts of the
total impedance at each applied frequency. The highest resistance value
of the highest-frequency arc corresponds to bulk conductivity, which is
obtained from the real-axis intercept, i.e., the highest resistance value of
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0.1
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1~x
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measured by using SQUID (Quantum Design, MPMS).
Susceptibility}temperature (s}¹) curves were measured un-
der zero-"eld cooled (ZFC) and "eld cooled (FC) conditions
at an applied "eld.

3. RESULTS AND DISCUSSION

3.1. Lattice Structure

Figures 1a and 1b show the powder X-ray di!raction
(XRD) patterns of La

0.9
Sr

0.1
Fe

0.9
Co

0.1
O

3
(x"0.1) and

La
0.9

Sr
0.1

Fe
0.5

Co
0.5

O
3

(x"0.5). The specimen with x"
0.1 exhibits an XRD pattern of orthorhombic structure
including four chemical formulae per unit cell (Pbnm) (20),
and Miller indices attached on Fig. 1a are based upon this
structure. It is also possible to index the XRD pattern in
Fig. 1b if rhombohedral structure with two chemical for-
mula units per cell (R31 C) is accepted (20). La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
involves then a phase transition from orthorhombic

structure with a Pbnm space group to rhombohedral with
R31 C with increasing x. The least-mean-squares "tting
methods yield a"5.542 As , b"5.534 As , and c"7.811 As for
x"0.1, and a

H
"5.491 As and c

H
"13.254 As for x"0.5.

3.2. Conductivity

Following the theoretical procedures of a complex-plane
impedance analysis (36}38), Fig. 2 demonstrates impedance
plots at 100, 150, and 250 K for the specimen with x"0.1.
The impedance analysis was, however, impossible for x"
FIG. 1. X-ray di!raction patterns of the La
0.9

Sr
0.1

Fe
1~x

Co
x
O

3
sys-

tem: (a) x"0.1 and (b) x"0.5.

this arc.
0.5 because of high conductivity. As described in details
elsewhere (16, 27}33), the impedance analysis distinguishes
bulk conduction from others. Figure 3 illustrates Arrhenius
relations of p¹ and 1/¹, employing bulk conductivity and
four-probe dc conductivity for x"0.1 and dc conductivity
for x"0.5. Since the impedance analysis also distinguishes
the total resistance in bulks and boundaries from others
(16, 27}33), Fig. 3 includes the plots of conductivity corre-
sponding to the total resistance of bulks and boundaries for
x"0.1, which agree well with the plots of four-probe dc
conductivity as expected (36}38). The linear relation be-
tween p¹ and 1/¹ in each specimen is in favor of adiabatic
hopping conduction in La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
because the

polaron theory predicts the following formula for adiabatic
polaronic conduction:

p¹Jexp A!
=

H
k
B
¹B , [1]

where =
H

is hopping energy of small polarons and k
B

is
Boltzmann's constant (39, 40). As for x"0.1, hopping en-
ergy obtained in dc conductivity is nearly equal to the



FIG. 3. Arrhenius relations of p¹ versus 1/¹. Solid circles and squares
are four-probe dc conductivity for the specimens with x"0.1 and 0.5.
Open triangles and circles are conductivity estimated from the highest
resistance values of the intermediate-frequency arcs and the bulk conduct-
ivity for the specimen with x"0.1. The highest resistance value of the
intermediate-frequency arc corresponds to concuction across grain
boundaries. This resistance is obtained from the real-axis intercept of this
arcs. Straight lines represent linear portions in Arrhenius plots of dc
conductivity and 1/¹.

FIG. 4. Cole}Cole plots for La
0.9

Sr
0.1

Fe
1~x

Co
x
O

3
specimen with

x"0.1 at several temperatures, (a) 230 K, (b) 250 K, and (c) 270 K, where e@
and eA represent dielectric constant and dielectric loss at each applied
frequency, respectively. The solid lines are the circular arcs calculated by
the least-mean-square analysis.
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energy estimated in bulk conductivity, i.e., =
H
+0.26 eV.

With increasing x from 0.1 to 0.5, however, hopping energy
reduces rapidly to =

H
"0.075 eV for x"0.5.

There is further evidence for adiabatic hopping process of
small polarons in this system. If a dielectric relaxation
process is of this mechanism, the characteristic frequency at
the maximum of the Cole}Cole circular arc, f

.!9
, is the

lower limit of the dc hop frequencies which is related to
R and C as follows (41):

2nf
.!9

RC"1, [2]

where C"(e
0
!e

=
) e

0
(e
0
, e

=
, and e

0
being the static

dielectric constant, the optical dielectric constant, and the
permittivity of free space, respectively), and R is the resist-
ance. Figure 4 shows the Cole}Cole plots at 230, 250, and
270 K for the specimen with x"0.1, where the solid lines
are the circular arcs calculated by the least-mean-square
analysis, using the experimental plots. Equation [2] means
that the characteristic frequencies, f

.!9
, estimated from the

maxima of the circular arcs provide conductivities; i.e.,
1/R"2nf

.!9
C. The conductivities obtained in this way are
2.89]10~3 )~1 cm~1 at 230 K, 6.73]10~3 )~1 cm~1 at
250 K, and 2.05]10~2 )~1 cm~1 at 270 K, respectively.
There are good agreements, although the conductivities
estimated from Cole}Cole plots are slightly small in value
compared with four-probe dc conductivities. This result is
consistent with the conclusion of the conduction being due
to the hopping process of small polarons in x"0.1 as
described before.

The legitimacy of adiabatic hopping conduction in the
La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
system is evidenced by a dielectric

relaxation process as well as our previous works (16, 24}33).
Figure 5 displays frequency dependencies of dielectric loss
factor eA for the specimen with x"0.1 at 10 K increments in
the range of 210 to 280 K over the frequency up to 1 MHz.
In the specimen with x"0.5, a dielectric relaxation process
also occurs at ¹(150 K. Since this low-temperature range
is very close to spin-glass freezing temperature ¹

'
which is

estimated to be about 60 K as described later, it is practi-
cally impossible to obtain experimental knowledge on this
relaxation process. According to Debye's theory, the reson-
ance frequency of dielectric loss factor has a form,

fe{{Jexp A!
Q

k
B
¹B , [3]



FIG. 5. Frequency dependencies of dielectric loss factor (eA) as a para-
metric function of temperature of 210 to 280 K at 10 K increments for the
specimen with x"0.1.

FIG. 6. Arrhenius relations between fe{{ and 1/¹ for the specimen with
x"0.1.
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where fe{{ is the resonance frequency of eA at ¹, Q is the
activation energy required for a dielectric relaxation, and
=

H
+Q if a hopping process of small polarons is predomi-

nantly responsible for the dielectric relaxation (16, 24}33).
Figure 6 plots the Arrhenius relation of fe{{ and 1/¹ for the
specimen with x"0.1. The straight line at ¹5240 K and
the activation energy Q"0.26 eV, which is nearly equal to
=

H
assure that a hopping process of small polarons domin-

ates the electrical transport in the specimen with x"0.1.
The similar scenario is also expected for x"0.5 because of
the linear relation in Arrhenius plots at ¹5185 K in Fig. 3.

Though the conduction kinetics does not change even if
x increases from 0.1 to 0.5, hopping energy decreases rapidly
as the amount of Co ions increases. As described in the
Introduction, the majority of carriers in both end members,
La

0.9
Sr

0.1
FeO

3
and La

0.9
Sr

0.1
CoO

3
, are ligand holes due

to strongly hybridized 3d}2p bands, and then the nature of
carriers in La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
must not alter even if

x increases from 0.1 to 0.5. The peculiar characteristic in the
carrier then does not account for such a huge reduction in
hopping energy. Since hopping energy has the theoretical
form,

=
H
"

=
P

2
!t, [4]

where=
P

is polaron binding energy and t is bandwidth (40),
such a huge reduction in=

H
implies that an increase in Co

content either reduces polaron binding energy or broadens
bandwidth. This phenomenon must be strongly related to
the crystallographic transfer from orthorhombic (Pbnm) to
rhombohedral structure (R31 C) with increasing x. The space
group symmetry heightens as x increases from 0.1 to 0.5.
Since Fermi level in La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
may be com-

posed of M 3d and O 2p orbital, bandwidth is governed by
a M}O2~}M bond angle which is represented by (1803}#)
when it deviates from 1803, where M stands for a transi-
tion-metal element. As the space group symmetry heightens,
# decreases (42). This is evidenced by the neutron di!rac-
tion study on La

0.7
Sr

0.3
Fe

1~x
Co

x
O

3
which shows that

replacement of Fe ion with Co ion decreases # (20). Since
a large deviation of M}O2~}M bond angle from 1803 local-
izes deeply charge carriers resulting in a large magnitude for
=

P
, an increase in the amount of Co ions advances delocal-

ization of charge carriers and then decreases=
P

because the
space group symmetry heightens from Pbnm to R31 C with
increasing x. Furthermore, M 3d and O 2p wave functions
overlap more as M}O2~}M bond angle increases toward
1803, accordingly resulting in an enlargement in bandwidth.
Then variations in both polaron binding energy and band-
width with increasing x are mainly responsible for such
a rapid reduction in hopping energy.

3.3. Magnetic Properties

Figure 7 demonstrates temperature dependencies of mag-
netic susceptibility s measured in the magnetic "eld of
1 T after cooling the specimen down to 10 K in the magnetic
"eld of 1 T (FC) or in the zero "eld (ZFC) for x"0.5.
Despite Fe-antiferromagnetism included in (La,Sr)Fe

1~x
Co

x
O

3
(20), the FC curve has a ferromagnetic feature,

which must result from Co ions. Around 60 K, the ZFC
curve involves a cusp that is assigned to the spin blocking
behavior due to weak ferromagnetic interaction, as is usu-
ally observed in spin-glass systems (19). Then, ¹

'
is approx-

imately 60 K. A large deviation of the ZFC curve from FC
below ¹

'
indicates that short-range ferromagnetic orders



FIG. 7. Temperature dependence of s in the "eld of 1 T under FC
(open squares) and ZFC (solid squares) for the specimen with x"0.5. The
inset shows the relation of 1/s versus ¹ above 180 K and the straight line
represents a Curie}Weiss relation for the specimen with x"0.5 at 240 K
(¹(300 K.

FIG. 8. ZFC magnetization M versus applied "eld H of x"0.5 at 10 K.
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work e!ectively instead of simple long-range ferromagnetic
orders. In the specimen with x"0.5, DE interaction be-
tween Co ions via O2~ must be mainly responsible for
short-range ferromagnetic interaction. Two couplings are
possible for DE interaction, i.e., IS Co3` (t5

2'
e1
'
)}O2~}LS

Co4` (t5
2'

) or HS Co3` (t4
2'

e2
'
)}O2~}IS Co4` (t4

2'
e1
'
). Other

couplings are inadequate because one of t
2'

electrons in Co
ion has to contribute to electronic transport as a charge
carrier (21}23). As temperature rises from ¹

'
, DE interac-

tion decays, and one expects that all or most Co ions in this
material are IS Co3` and LS Co4` if IS Co3`}O2~}LS
Co4` DE interaction is dominant below ¹

'
, or that

only HS Co3` and IS Co4` exist if HS Co3`}O2~}IS Co4`

DE interaction is mainly responsible for the spin-glass
phase.

Figure 8 provides further evidence of spin-glass behavior
for the specimen with x"0.5 below ¹

'
. At 10 K the mag-

netization M versus applied "eld H curve of the ZFC
sample shows no saturation at 50 kOe; lack of saturation in
high "elds is a characteristic feature of spin glasses (43).
Moreover, Itoh et al. (19) have shown an aging e!ect in the
magnetization of ZFC samples, which is another character-
istic feature of spin-grass phases.

Curie}Weiss relation holds at ¹5250 K for the speci-
men with x"0.5, as shown in the inset in Fig. 7, which plots
s~1 against ¹ above 180 K. The experimental magnitude
for Curie constant (C"1.06 emu K/mol) yields k

%&&
"

2.91k
B
, where k

%&&
+J8Ck

B
, k

%&&
is the e!ective magnetic

moment and k
B

is Bohr magneton. If localized spins on HS
Co3` and IS Co4` mainly contribute to paramagnetism at
¹5250 K in the specimen with x"0.5, the e!ective mag-
netic moment estimated theoretically is 2.78k

B
, which is

comparable with the experimental value, 2.91k
B
. If Co ions

in the specimen with x"0.5 are mostly IS Co3` and LS
Co4`, the calculated e!ective magnetic moment is 1.67k

B
,

which di!ers considerably from the experimental value.
These estimations surmise that all or most of Co ions in
La

0.9
Sr

0.1
Fe

0.5
Co

0.5
O

3
are HS Co3` and IS Co4`. These

results indicates marked Co-e!ects on magnetic properties
in La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
.

3.4. Thermopower

The experiment on thermopower also provides important
knowledge on Co states in La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
. The

theoretical formula of thermopower S for insulating mater-
ials has a form,

S"$

k
B
e A

E
S

k
B
¹B#S

=
, [5]

where S
=

is the ¹PR limit of thermopower (44). Figure 9
demonstrates temperature dependence of the thermopower
for the specimens with x"0.1 and 0.5 above 167 K. Be-
cause of high resistance, thermopower at low temperature
was very di$cult to measure in specimens with x40.1.



FIG. 9. Temperature dependence of thermopower (S) for the speci-
mens with x"0.1 (open circles) and x"0.5 (open squares) above 167 K.
The straight lines indicate the theoretical relation of Eq. [5].
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Despite this, the theoretical relation of Eq. [4] holds at
¹5275 K for x"0.1. Thus, the temperature region in
which the relation in Eq. [4] is observable experimentally
for x"0.1 is high and narrow in comparison with the
region for x"0.5. The least-mean-squares "tting methods
yield E

S
"0.018 eV and S

=
"241 kV/K for x"0.1 and

E
S
"0.013 eV and S

=
"243 kV/K for x"0.5. The large

di!erence between =
H

and E
S

is a hallmark of polaronic
transport (45, 46). In oxide where hopping motions of small
polarons dominate electrical transports, E

S
is the potential

di!erence between identical lattice distortions with and
without a hole and/or an electron (47), while =

H
is the

hopping energy of small polarons and generally =
H
AE

S
.

Indeed, Holstein predicted that the thermally activated drift
mobility of small polarons causes=

H
to di!er from E

S
in an

amount of one half of the formation energy of polarons
(39, 48).

Recently, Koshibae et al. (34, 35) have carried out the
theoretical work on thermopower, generalizing Heikes
formula and extended the high-temperature limit theory to
the strong correlation system such as La

1~c
Sr

c
MO

3
. Ther-

mopower in the high-temperature limit is then given by

S
=
"!

k
B
e

lnA
g
3

g
4

c

1!cB , [6]

where c is the concentration of M4` ions, c being then 0.1 in
the present system, and g

3
(g

4
) is the spin and orbital degree

of freedom at the M3` (M4`) site. In the case of La
0.9

Sr
0.1

FeO
3

(x"0.0), Fe ions in are in HS states (2, 3), and it is
reasonably accepted that 90% of Fe ions is HS Fe3` (t3

2'
e2
'
)

and the rest is HS Fe4` (t3
2'

e1
'
). Then M3` and M4` in this

material are HS Fe3` and HS Fe4`. Following the theore-
tical treatment of Koshibae et al. (34, 35), g

3
"6 and

g
4
"10, so that S

=
has the value of 233 kV/K.
As described in the speculation on magnetic results for
x"0.5, two combinations of ionic species included in
La

0.9
Sr

0.1
Fe

0.5
Co

0.5
O

3
are possible; namely, one is (i) HS

Fe3`, HS Fe4`, IS Co3`, and LS Co4` and the other is
(ii) HS Fe3`, HS Fe4`, HS Co3`, and IS Co4`. Assuming
that the similar situation also holds in the specimen with
x"0.1, S

=
is estimated theoretically in

La
0.9

Sr
0.1

(Fe3`
0.9

Fe4`
0.1

)
1~x

(Co3`
0.9

Co4`
0.1

)
x
O

3
(x"0.1 and

0.5) by using Eq. [6], where c"0.1. If all or most of ions in
this compound are in the case of (i), g

3
is 24, which is

obtained by the sum of the degeneracies of HS Fe3` and IS
Co3` site, i.e., 6#18, and g

4
"10#6"16, which is given

by the degeneracies of HS Fe4` and LS Co4` site (34, 35).
However, these magnitudes yield S

=
"154 kV/K, which

di!ers considerably from the experimental values. In the
case of (ii), on the other hand, gs are given by
g
3
"6#15"21 and g

4
"10#24"34 (34, 35). Conse-

quently, S
=
"231 kV/K, which is very close to the experi-

mental values, i.e., 241 kV/K for x"0.1 and 243 kV/K for
x"0.5. From these estimations, thermopower results de-
duce that all or most of Co ions in La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
are HS Co3` and IS Co4` ions, which are in good agree-
ment with the surmise based upon the estimation of e!ective
magnetic moment.

4. CONCLUSION

Variations in physical properties due to a change in Co
content in La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
(x40.5) have been in-

vestigated so as to elucidate Co states because short range
ferromagnetic orders are expected to dominate magnetic
properties in this system at a rather large x, although Fe-
antiferromagnetism must govern magnetic properties when
x is very small. Arrhenius relation of p¹ and 1/¹ holds for
both x"0.1 and 0.5. This indicates that hopping conduc-
tion dominates electronic transport properties at x40.5.
A dielectric relaxation observed in ac measurements for
x"0.1 supports this surmise. There is, however, a huge
reduction of hopping energy from 0.26 to 0.075 eV with
increasing x from 0.1 to 0.5. This reduction comes from
a decrease in polaron binding energy and an enlargement in
bandwidth through the crystallographic transfer from
orthorhombic (Pbnm) to rhombohedral structure (R31 C) in-
duced by an increase in Co content. A spin-glass phase due
to short-range ferromagnetic orders is recognized for x"
0.5 in magnetic measurements because the ZFC curve for
x"0.5 involves a cusp that is assigned to the spin-glass
behavior due to a weak ferromagnetic interaction. Curie}
Weiss relation realized in the specimen of x"0.5 yields
k
%&&

"2.91k
B
, which deduces that all or most of Co ions

included in this material are HS Co3` and IS Co4`. Ther-
mopower in the high-temperature limit estimated theoreti-
cally under the assumption that La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
contains mostly HS Co3` and IS Co4` is close in value to
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magnitudes estimated experimentally at ¹PR. The most
signi"cant Co e!ect in La

0.9
Sr

0.1
Fe

1~x
Co

x
O

3
is to en-

hance HS Co3`}O2~}IS Co4` double-exchange interac-
tion which results in short range ferromagnetic orders when
x is large.
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