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We measured bulk conductivities using complex-plane impe-
dance analyses and frequency dependencies of dielectric proper-
ties in Sr11xLa12xFeO4 (04x40.20) with the four-probe dc
conductivities. The temperature dependence of bulk conductivity
in every specimen exhibits the nonadiabatic hopping conduction;
i.e., r 5 A0 exp[2 (WH1WO/2) /kBT ] /T 3/2, WH and WO being the
hopping energy and the energy required to create a free hopping
polaron. In every specimen, a dielectric relaxation process shows
up with an activation energy nearly equal to that of the bulk
conduction. The electron transfer integrals, J, estimated in the
dielectric relaxations meet the nonadiabatic requirements; i.e.,
J< 4WH and J< (4WH kBT )1/4(+xOL)

1/2, where xOL is the frequency
of the longitudinal optical mode. Speculation on the pre-exponen-
tial factor of the conductivity, A0, indicates that the holes in
valence bands created by electron excitation predominantly con-
tribute to electrical transport rather than the doped holes intro-
duced by Sr-substitution for La. The experimental results are
explained self-consistently by nonadiabatic hopping conduction.
( 1999 Academic Press

1. INTRODUCTION

Since the discovery of high-¹
c
oxides (1), physical proper-

ties and electronic structures of strongly correlated oxides of
the K

2
NiF

4
structure have been extensively studied. Hole-

doped Sr
1`x

La
1~x

FeO
4

with the K
2
NiF

4
structure has

been also investigated using optical spectroscopies such as
UPS and XAS, 57Fe MoK ssbauer spectra, and magnetic
properties (2}5). The end member SrLaFeO

4
is an inter-

mediate-type oxide between Mott}Hubbard and charge-
transfer insulators (4). 57Fe MoK ssbauer measurements (3)
indicate that a relatively large fraction of Fe ions is partially
oxidized toward Fe4` upon hole-doping. O K-edge and Fe
K-edge X-ray-absorption measurements show that the
whole valence band is constructed from well-mixed Fe 3d
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and O 2p states and that new hole bands composed of O 2p
and Fe 3d states are formed in the original conduction-band
edge upon hole-doping (upper Hubbard bands) (4). Omata
et al. (5) carried out the optical absorption measurements in
the range of 0.5}5 eV and dc conductivity measurements as
a function of temperature, obtained the linear relation be-
tween the absorption intensity of the band maxima in the
near infrared region (&1.2 eV) and the dc conductivities at
room temperature, and argued that the newly formed unoc-
cupied states were localized hole-states corresponding to the
small polaron states and the near infrared band was due to
the optically induced polarons hopping which resulted in
the temperature dependence of the conductivity of
p"A

0
exp(!Q/k

B
¹ )/¹ 3@2, i.e., the nonadiabatic hopping

conduction (6, 7).
It is, however, rather di$cult to identify the type of small

polarons, adiabatic or nonadiabatic, if only the temperature
dependence of conductivity is used, because the conductiv-
ity subject to the adiabatic small polaron conduction also
satis"es currently the temperature dependence of the
nonadiabatic hopping conduction. Furthermore, a hopping
process of nonadiabatic small polarons requires several
restrictions on the electron transfer integral between neigh-
boring hopping sites. These restrictions are then to be the
criterion of judgment whether the hopping conduction is
termed adiabatic or nonadiabatic (6}10).

After the discovery of high ¹
c

superconductivity in the
layer perovskite, La

2~x
Ba

x
CuO

4
(1), the investigation on

polarons attracted markedly increased attention because
polaronic conduction plays an important role in electrical
transports in strongly correlated oxides like Sr

1`x
La

1~x
FeO

4
. Although there are many ways of addressing

polaron dynamics, the dielectric measurement can provide
important information because a hopping process of small
polarons has a high probability of involving a dielectric
relaxation process (11}19) and, in the nonadiabatic case, the
electron transfer integral is to be obtained from the dielec-
tric measurements (6, 7). If nonadiabatic hopping conduc-
tion is realized in Sr

1`x
La

1~x
FeO

4
, therefore, the dielectric
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experiment is an indispensable means which provides signi-
"cant knowledge on the polaronic conduction.

The present study employs polycrystalline ceramics speci-
mens because single crystals of Sr

1`x
La

1~x
FeO

4
are di$-

cult to produce. The single crystal approach is the most
straightforward and the most common. Even if a polycrys-
talline ceramics sample is used, however, the complex-plane
impedance analysis can distinguish bulk conduction from
other types of conduction such as that across grain bound-
aries (19}23). Our previous reports indicate that the dc
conductivities by the four-probe method include the grain-
boundary e!ect which is somewhat serious in the investiga-
tion of the bulk conduction because grain boundaries in
sintered oxides interfere with studying the transport phe-
nomena (17, 19). If bulk conduction is available experi-
mentally in the Sr

1`x
La

1~x
FeO

4
system, conduction

behavior somewhat di!erent from the result reported in the
previous literature is expected.

Motivated by these factors, the elucidation of bulk con-
duction in Sr

1`x
La

1~x
FeO

4
(04x40.2) has been carried

out by using the combination of the complex-plane impe-
dance analysis and the dielectric measurement with the dc
conductivity measurement by the four-probe method.

2. EXPERIMENTAL DETAILS

The specimens of Sr
1`x

La
1~x

FeO
4

(04x40.2) were
prepared by the conventional solid-state reaction technique
using La

2
O

3
, SrCO

3
, and Fe

2
O

3
powders (4N grades). The

mixture was calcined in air at 10003C for 24 h. After grind-
ing, the calcined powder was pressed into pellets, "nally
sintered in air at 14003C for 24 h, and then annealed at
7003C for 50 h in the pure #owing oxygen. The powder
di!raction of every specimen using a CuKa X-ray indicates
a single phase of a tetragonal structure (14/mmm) with the
lattice parameters nearly equal to those obtained previously
(3, 24}26). The di!raction patterns are in very good agree-
ment with that in JCPDS (Code 29-1305). The grain size of
the specimens was found to be &1 lm on average by
scanning microscope studies. The densities of the specimens
were 82}90% of the theoretical values.

Capacitance and impedance were measured as a function
of temperature up to 300 K by the four-terminal pair ac
impedance measurement method, using an HP 4284A LCR
meter with a frequency range of 100 Hz to 1 MHz. The
measured values of capacitance and impedance were correc-
ted by calibrating capacitance and resistance of leads to
zero. Flat surfaces of a specimen were coated with an In}Ga
alloy in a 7 : 3 ratio by a rubbing technique for an electrode.
Evaporated gold was also used for the electrode, but no
signi"cant di!erence was found in experimental results.
A Maxwell}Wagner type polarization due to heterogeneity
in a specimen is excluded because there are no signi"cant
di!erences in frequency dependencies of the dielectric con-
stant at room temperature even if the thickness of the
specimen of x"0.0 is reduced from 1.1 to 0.5 mm.

A Keithley 619 resistance bridge, an Advantest TR 6871
digital multimeter, and an Advantest TR 6871 power supply
were used for dc conductivity measurements by the four-
probe method. The copper}constantan thermocouple
precalibrated at 4.2, 77, and 273 K was used for temperature
measurements.

3. EXPERIMENTAL RESULTS

Following the detailed account of the theoretical treat-
ment (20}23), the complex-plane impedance analyses were
carried out. Usually, in polycrystalline specimens, three
independent semicircular arcs show up in the impedance
plots where the real part (Z@) of the total impedance is
plotted against the imaginary part (ZA ) as a parametric
function of frequency, f, i.e., the highest-frequency arc cor-
responding to the bulk conduction, the intermediate-fre-
quency arc due to the conduction across the grain
boundary, and the lowest-frequency arc coming from the
transport across the electrode}specimen interface. The res-
istance values of the circuit elements (bulk, grain boundary,
and interface) are obtained from the real axis intercepts.
Figure 1 depicts complex-plane impedance plots at 176,
236, and 296 K for the specimen of x"0.0. The plots at 236
and 296 K contain a two semicircular-arcs structure, the
highest- and intermediate-frequency arcs, while there is only
the highest-frequency arc at 176 K. In SrLaFeO

4
, for

example, the plots of the highest-frequency arcs at temper-
atures higher than 300 K require frequencies much higher
than the maximum one in the present work, i.e., 1 MHz.
Since the lowest-frequency arc was not observed in any
specimen at any temperature, there must be no polarization
in the electrode}specimen interface. The highest resistance
value of the intermediate-frequency arc is theoretically the
total resistance in grains and boundaries.

Employing three sorts of conductivities, i.e., the bulk
conductivity, the conductivity obtained from the highest
resistance value of the intermediate-frequency arc, and the
dc conductivity, Fig. 2 demonstrates three Arrhenius rela-
tions of p )¹3@2 and 1/¹ for the specimen of x"0.05. The
bulk conductivity is remarkably high but the plots of the
other two Arrhenius relations overlap one another. Then
the four-probe dc method measures the total resistance in
grains and boundaries. Figure 3 displays the Arrhenius
plots of p¹3@2 and 1/¹ for all the specimens, where p is the
bulk conductivity. Every specimen contains a linear portion
at higher temperatures, i.e., p"A

0
exp(!Q/k

B
¹ )/¹3@2,

where Q is the activation energy required for the bulk
conduction, while the onset of non-Arrhenius bulk conduc-
tion at lower temperatures is found. In the linear portions,
Q"0.43, 0.30, 0.26, and 0.18 eV with A

0
"6.6]107,

3.9]106, 2.1]106, and 2.8]105 )~1 cm~1K3@2 for the



FIG. 1. Complex-plane impedance analyses for the specimen of
x"0.0 at 176, 236, and 296 K.

FIG. 2. Three Arrhenius relations of p )¹3@2 vs 1/¹ for the specimen of
x"0.05; the "rst one (open circles) represents the bulk conductivities
obtained from the real axis intercepts of the highest-frequency arcs in the
impedance analyses, the second one (solid circles) employs the highest
resistances of the intermediate-semicircular arcs, and the third one
(open squares) indicates the dc conductivities obtained by the four-probe
method.
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specimens of x"0.0, 0.05, 0.1, and 0.2, respectively. The
activation energies, Q, are somewhat di!erent from the
result of Omata et al., i.e., 0.31, 0.20, 0.20, and 0.18 eV for
x"0.0, 0.1, 0.2, and 0.3 (5). If the bulk conduction is termed
adiabatic, the Arrhenius plots of p )¹ and 1/¹ yield slightly
lower activation energies, but the general feature does not
di!er so much from Fig. 3.

A dielectric relaxation shows up in the loss factor (eA), loss
tangent (tan d), impedance (imaginary part, ZA ), and electric
modulus (imaginary part, MA) of every specimen. In Fig. 4,
the dielectric loss factor, eA, of the specimen of x"0.05 is
plotted against the applied frequency at temperatures be-
tween 201 and 281 K at 8 K increments. The maximum of
the dielectric loss factor at the resonance frequency fe , i.e.,
eA
.!9

, increases as the temperature is raised. This behavior
suggests that the spectral intensity of the dielectric relax-
ation is thermally activated as well as dielectric relaxations
occurring in other various materials in which hopping pro-
cesses of small polarons dominate electrical transports
(11}19).
4. DISCUSSION

Though the bulk conductivities and the dielectric relax-
ation processes observed in Sr

1`x
La

1~x
FeO

4
(04x40.2)

seem surely to favor the polaronic scenario in the electrical
transports, careful examinations are required. The present
study includes several points to account for: (i) the type of
majority carriers in Sr

1`x
La

1~x
FeO

4
, nonadiabatic small

polarons or adiabatic, (ii) the rather high conductivity of
SrLaFeO

4
which is theoretically an insulator because

SrLaFeO
4

is in a high-spin state, i.e., Fe3` (t3
2gCe2gC ) (27), and

(iii) the number of carriers responsible for the bulk conduc-
tion.

4.1. Hopping Process of Small Polarons

Arrhenius relations in Fig. 3 imply that the bulk conduc-
tion in the Sr

1`x
La

1~x
FeO

4
system is termed nonadiabatic

(6, 7). As described in the previous section, the peak due to
the dielectric relaxation process shows up in the loss factor,
loss tangent, impedance, and electric modulus. In Fig. 5, the
normalized values of these dielectric properties are plotted



FIG. 3. Arrhenius plots of p )¹3@2 vs 1/¹ for the specimens of x"0.00
(solid circles), 0.05 (solid squares), 0.10 (solid diamonds), and 0.20 (solid
triangles), where p is the bulk conductivity. The straight line represents the
linear portion for every specimen.

FIG. 5. The same relaxation process using the normalized dielectric
loss factor (eA ), loss tangent (tan d), imaginary part of impedance (ZA ), and
imaginary part of electric modulus (MA ) at 185 K for the specimen of
x"0.10.
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against the applied frequency at ¹"185 K for the speci-
men of x"0.10. The peaks appear at di!erent frequencies,
though they come from the same relaxation process. Theor-
etically, the sequence of fe(f

5!/ d(f
Z
4f

M
holds when a di-

electric relaxation process occurs within grains, where fe ,
f
5!/ d , f

Z
, and f

M
are the resonance frequencies of the loss

factor, loss tangent, impedance, and modulus (28). The re-
sult in Fig. 5 coincides with this theoretical prediction. This
FIG. 4. Frequency dependencies of dielectric loss factor (eA ) as a para-
metric function of temperature of 201 to 281 K at 8 K increments for the
specimen of x"0.05.
fact ensures that the dielectric relaxation process observed
in Fig. 4 occurs within grains. In Fig. 5, there is another
peak in the impedance at a very low frequency, which comes
from the relaxation process in the grain boundaries causing
the intermediate-frequency arc in Fig. 1.

The dielectric behavior in the present study is described
approximately by Debye's theory (28, 29). At a temperature
¹, then, the resonance condition for the loss factor is
2nfeq"1, where q"q

0
exp(Q@/k

B
¹), Q@ being the activation

energy required for the dielectric relaxation process. Fig-
ure 6a demonstrates the Arrhenius relations of fe¹1@2 and
1/¹. This "gure employs the realistic dielectric loss factor
values which were obtained by subtracting the low-fre-
quency contribution in a similar way to Lalevic et al. (30).
The least-mean-square analyses yield Q@"0.40, 0.28, 0.24,
0.16, and 0.15 eV for the specimens of x"0.0, 0.05, 0.1, and
0.2, respectively.

The increase in the maximum of the loss factor with
increasing temperature (see Fig. 4) is due to the thermal
activation in the amount of the current carriers responsible
for the dielectric relaxation process. This phenomenon is
also explained by Debye's theory. In the nonadiabatic case,
the maximum of the dielectric loss factor is given as
eA
.!9

Jexp(!=
O
/2k

B
¹)/¹, where=

O
is the energy required

to create a free hopping polaron. Figure 6b plots the Ar-
rhenius relations between eA

.!9
)¹ and 1/¹. Good straight

lines are obtained with=
O
"0.08, 0.08, 0.05, and 0.05 eV for

the specimens of x"0.0, 0.05, 0.1, and 0.2, respectively.
The bulk conduction is represented by p"

A
0
exp(!Q/k

B
¹)/¹3@2 as shown in Fig. 3. In the polaronic

picture, the activation energies of the bulk conduction and
the dielectric relaxation process are given as Q:=

H
#

=
O
/2 and Q@:=

H
, where =

H
is the hopping energy of
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polarons (8, 11}19, 31, 32). The disordered energy is omitted
here because it is negligibly small compared with =

H
in

a crystalline lattice (33). In every specimen, the sum of the
experimental values for=

H
and=

O
/2 is nearly equal to the

activation energy required for the bulk conduction, Q, as
expected theoretically. Namely the hopping process of small
polarons is responsible for both the bulk conduction in
Fig. 3 and the dielectric relaxation in Fig. 4. The hopping
energy at x"0.0 obtained here, 0.40 eV, is higher than the
activation energy of Omata et al., 0.31 eV (5), but 0.15 eV at
x"0.2 is conversely less than their result, 0.20 eV. This
means that the hopping energy of the bulk conduction
obtained here decreases rather rapidly as x increases.

4.2. Nonadiabatic Small Polarons

In the resonance condition of 2nfeq0 exp(Q@/k
B
¹)"1 for

the loss factor, q
0

in the nonadiabatic case is
2+(=

H
k
B
¹)1@2/n1@2J2, where J is the electron transfer inte-

gral between neighboring hopping sites, + is Plank's con-
stant divided by 2n, and k

B
is Boltzmann's constant (6, 7).

Then the nonadiabatic resonance condition for the dielec-
tric loss factor has the form of fe¹1@2"J2 exp(!Q@/k

B
¹)/

4+(n=
H
k
B
)1@2. Using the experimental value for =

H
, the

extrapolations of the Arrhenius relations of fe¹1@2 and 1/¹
at ¹PR in Fig. 6a yield J"9.5]10~3, 2.8]10~3,
1.4]10~3, and 0.30]10~3 eV for the specimens of x"0.0,
0.05, 0.1, and 0.2.

According to Holstein and Emin (6, 7), the nonadiabatic
case requires the following two restrictions for the electron
transfer integral between hopping sites, i.e., J(4= and
H

FIG. 6. (a) Arrhenius relations between fe )¹1@2 and 1/¹ for the speci-
mens of x"0.00 (solid circles), 0.05 (solid squares), 0.10 (solid diamonds),
and 0.20 (solid triangles), and (b) Arrhenius relations between eA

.!9
)¹ and

1/¹ for the specimens of x"0.00 (open circles), 0.05 (open squares), 0.10
(open diamonds), and 0.20 (open triangles).
J((=
H
k
B
¹)1@4(+u

OL
)1@2, where u

OL
is the frequency of the

longitudinal optical mode. The frequency values of u
OL

in
the Sr

1`x
La

1~x
FeO

4
system are not yet available but the

experimental values in similar perovskite materials lie in the
range 1013}1014 s~1 (34, 35). The "rst condition holds in
every specimen because J(=

H
. As for the second condi-

tion, the experimental values for=
H
, the lowest temperatures

in Arrhenius relations of Fig. 6a and u
OL

:1013 s~1 yield
(=

H
k
B
¹)1@4(+u

OL
)1@2:1.1]10~2&1.9]10~2 eV, larger

than the experimental J values, 9.5]10~3&0.3]10~3 eV.
Then, the second condition also holds for every specimen.
An assessment like this meets de"nitely the requirements for
nonadiabatic hopping conditions. Then the results in
Figs. 3 and 6 are explained self-consistently in terms of
the nonadiabatic hopping condition. Consequently the
major carrier responsible for the bulk conduction in
Sr

1`x
La

1~x
FeO

4
(04x40.2) is a nonadiabatic small po-

laron.
The optical results indicate the hole character of well

mixed O 2p and Fe 3d states, i.e., a ligand hole (4). Then,
overlapping of extended O 2p wave functions of holes is
enhanced with increasing the amount of holes, which must
lead to decreases in the hopping energy and the electron
transfer integral.

4.3. Density of Nonadiabatic Small Polarons Responsible
for Bulk Conduction

As described before, Arrhenius plots of p"
A

0
exp [!(=

H
#=

O
/2)/k

B
¹]/¹3@2 in Fig. 3 are justi"ed.

Despite the increase in the amount of Sr ions which create
holes, however, the pre-exponential factor, A

0
, decreases

from 6.6]107 (x"0.0) to 2.8]105 )~1 cm~1K3@2

(x"0.2). If the hopping conduction is termed adiabatic,
A

0
is directly proportional to the amount of hopping car-

riers (8, 31, 32). This is inconsistent with the present result.
This fact rationalizes the nonadiabatic scenario again. In the
nonadiabatic theory, A

0
"zn

0
e2a2n1@2J2/k3@2

B
+=1@2

H
, where

z is the con"guration number, a is the hopping distance and
n
0

is the number of carriers localized at trapping sites at
very low temperatures (36).

SrLaFeO
4

is originally an insulator but has a rather high
conductivity. Furthermore the amount of nonadiabatic
small polarons of holes increases by thermal excitation (see
Fig. 6b). If this increase is ascribed only to the dissociation
of the doped holes from the trapping sites, the transport
property in the specimen of x"0.0 is di$cult to speculate
because of no doped holes in SrLaFeO

4
, i.e., n

0
"0. If holes

are created by thermal excitation of electrons in valence
bands to upper levels separated from the top edge of the
valence bands by =

O
"0.08 eV, n

0
is to be the number of

electrons in the valence bands. SrLaFeO
4

is in a high-spin
state, i.e., Fe3` (t3

2gCe2gC) (27). When the thermal excitation of
electrons in the 3d top bands of Fe3`, i.e., egC-bands, is
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predominant, A
0
:2]107 )~1 cm~1K3@2, while about

6]107 )~1 cm~1K3@2 when the electrons in O 2p bands,
i.e., (2p)6, are mainly responsible for this excitation, where
the experimental values for=

H
and J are employed in these

assessments. The estimated values are very competitive with
the experimental result, i.e., A

0
"6.6]107 )~1 cm~1K3@2.

In the case of x"0.05, holes are created by Sr-substitu-
tion for La. These holes must be localized at trapping sites
such as impurities at very low temperatures. Upon hole
doping, a relatively large fraction of Fe ions is partially
oxidized toward Fe4` (3). In light hole doping, then, the
most plausible trapping site must be the Fe site adjacent to
Sr2` ion, i.e., the Fe4`}Sr2` pair. If the doped holes govern
the bulk conduction, A

0
:8]103}2]104 )~1 cm~1K3@2,

less than the experimental value by two or three orders. If
the holes created by electron excitation from valence bands
also govern the conduction, A

0
:2]106}6]106 )~1

cm~1K3@2, which is close in values to the experimental
result, 3.9]106 )~1 cm~1K3@2. The contribution due to the
doped holes is very small in comparison with the holes
created by electron excitation. A similar interpretation is
possible for other specimens. It should be emphasized that
a rapid decrease in the electron transfer integral, J, results in
the decrease in the pre-exponential factor, A

0
, with increas-

ing x. The experimental relationship between A
0

and x is
impossible to account for if based upon the adiabatic
scheme. Omata et al. (5) obtained the values of the same
order as ours for=

O
. The extrapolation of their conductiv-

ity results (5) yields also the magnitudes in the same order as
ours for A

0
.

At lower temperatures, as shown in Fig. 3, non-Arrhenius
conduction is found. Omata et al. (5) insist there is a linear
Arrhenius relation between p )¹ and 1/¹ at such low tem-
peratures, which means that the carrier-type transfers from
a nonadiabatic small polaron at higher temperatures to an
adiabatic one at lower temperatures. To our knowledge,
however, there is no literature which observed such
a transition with decreasing temperature. Emin (37, 38) ar-
gues that the onset of a non-Arrhenius temperature depend-
ence as temperature is lowered is the general feature of small
polaron hopping. It arises as multiphonon jump processes
are frozen out. Then, the onset of the non-Arrhenius bulk
conduction observed at lower temperatures must be close to
the picture constructed by Emin.

5. CONCLUSION

Using complex-plane impedance analyses, bulk conduc-
tivities in Sr

1`x
La

1~x
FeO

4
(04x40.20) have been

obtained and their temperature dependencies exhibit
the nonadiabatic hopping conduction, i.e., p"
A

0
exp [!(=

H
#=

O
/2)/k

B
¹]/¹3@2, where =

H
and =

O
are

the hopping energy of nonadiabatic small polarons and the
energy required for the thermally activated increase in the
amount of current carriers. Every specimen contains a di-
electric relaxation process with an activation energy nearly
equal to that of the bulk conduction. The electron transfer
integrals, J, estimated in the dielectric relaxation processes
meet the nonadiabatic requirements, i.e., J(4=

H
and J(

(4=
H
k
B
¹)1@4(+u

OL
)1@2, where u

OL
is the frequency of the

longitudinal optical mode. With increasing the amount of
Sr, the magnitudes for A

0
, =

H
, =

O
, and J decrease.

These experiments ensure that the majority carriers in
Sr

1`x
La

1~x
FeO

4
(04x40.20) are nonadiabatic small po-

larons of holes. In the speculation on the pre-exponential
factor of the bulk conductivity A

0
, the doped holes created

by Sr-substitution for La alone cannot explain the experi-
mental results and instead the holes in valence bands cre-
ated by electron excitation to the upper levels
predominantly contribute to the electrical transports. The
upper levels are separated from the top edge of the valence
bands by 0.08}0.05 eV. The decrease in A

0
with increasing

x is mainly ascribed to the decrease in J. At lower temper-
atures, non-Arrhenius conduction is found in every speci-
men, which must be because multiphonons jump processes
are frozen out.
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