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Electrical transport properties in the ceramic specimens of
(LaMn12xTix)12cO3 system (x40.05) have been investigated as
a function of temperature by the complex-plane impedance ana-
lyses, dielectric properties, four-probe DC conductivities, and
Seebeck coefficients. The complex-plane impedance analysis dis-
tinguishes the bulk conduction from the conduction across the
grain boundaries. The bulk conduction contains two thermally
activated processes separated at the Néel temperature (TN).
A dielectric relaxation appears in a loss tangent and electric
modulus below TN. The activation energy required for the relax-
ation is nearly equal to that for the conduction at T < TN. The
electrical transport below TN is explained self-consistently in
terms of a hopping process of small polarons of holes, which are
formed by a superexchange interaction and are more deeply
localized by the assistance of the Jahn–Teller effect. A correla-
tion between the bulk conduction at T > TN and the hopping
process of small polarons of holes is also discussed. ( 1997
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INTRODUCTION

The manganese-based perovskite, La
1~x

D
x
MnO

3
(D a di-

valent alkaline earth such as Ca, Sr, or Ba), forms a
Mn3 /̀Mn4` mixed-valence system for x'0, which ex-
hibits interesting and coupled magnetic transport properties
(1—6). The transport properties in La

1~x
D
x
MnO

3
systems

have been traditionally examined within the framework of
a double exchange interaction due to the magnetic coupling
between Mn3` and Mn4` (7—12).

Using a simplified double exchange Hamiltonian, how-
ever, the recent calculation of the magnetic field-dependent
resistivity of hole-doped LaMnO

3
near the metal—insulator

(MI) transition by Mills et al. shows inconsistency with the
experimental results (13), and alternatively they have pro-
posed that a Jahn—Teller-type electron—phonon coupling
plays an important role in the electrical transport in this
material, that is, a polaron picture would be a better model
1To whom correspondence should be addressed.
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for the transport properties. Millis (14) has also calculated
the energy gained by the formation of the local lattice
distortion due to the Jahn—Teller effect using a classical
model. He also suggests a strong electron—phonon coupling,
and his calculation supports the polaronic transport in
hole-doped LaMnO

3
. In fact, many entries in the current

literature (15—18) reported that the majority carriers respon-
sible for the conduction in nonmetallic phases of hole-doped
LaMnO

3
were small polarons which were widely believed

to be stabilized by the assistance of the Jahn—Teller-type
electron—phonon interaction. The dynamics of small polar-
ons is indispensable in the interpretation of electrical trans-
port properties in Mn-based perovskite materials, but the
effects of small polarons have not been taken into considera-
tion enough in the transport properties.

Although the recent attention has been focused predomi-
nantly on hole-doped LaMnO

3
, there have been no reports

on the conduction properties in the electron-doped
LaMnO

3
which is created by the substitution of tetravalent

ions for Mn. In the present work, therefore, we have investi-
gated transport properties in the perovskite-type system of
LaMn

1~x
Ti

x
O

3
(x40.05), which must provide very impor-

tant information on both the nature of charge carriers and
the characteristic electrical conduction in manganese ox-
ides. The substitution of Ti for Mn would induce several
effects. One of the most significant effects is a decrease in
hole (Mn4`) density because a Ti4` ion generates an elec-
tron, which is subject to the electrical neutrality.

In the various experimental means which can address the
polaron dynamics, dielectric properties provide important
knowledge because a hopping process of small polarons has
a high possibility to involve a dielectric relaxation. In fact,
our previous reports (19—25) show that a dielectric relax-
ation presents significant experimental results leading dir-
ectly to electrical characterization, particularly of localized
carriers such as polarons and also to a transport kinetics
due to hopping carriers. In order to correlate the charge
dynamics (and/or polaron dynamics) with the electrical
transport mechanism, a high-quality crystal is required.
This is mainly because the ceramics samples suffer from the
carrier scattering in grain boundaries. Therefore, the use of
6
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single crystals surely relieves most problems. Growth of
a single crystal is generally very difficult in comparison with
the conventional preparation of oxides by sintering. Even if
a polycrystalline ceramic specimen is employed, however,
the complex-plane impedance analysis distinguishes the
bulk conduction from the conduction across the grain
boundary and the transport across the electrode—specimen
interface, if they exist (26, 27). The combination of the com-
plex-plane impedance analysis and the dielectric measure-
ment could be then one of the strongest means for the
investigation of electrical transports in polycrystalline
LaMn

1~x
Ti

x
O

3
.

To this end, the present study measures DC conduct-
ivities, dielectric properties, and Seebeck coefficients in
LaMn

1~x
Ti

x
O

3
as a function of temperature and discusses

the possibility of the electrical transport due to a hopping
process of small polarons of holes, considering the local
lattice distortion due to the Jahn—Teller-type electron—
phonon coupling.

EXPERIMENTAL

Polycrystalline samples of LaMn
1~x

Ti
x
O

3
(x"0.00,

0.03, and 0.05) were prepared by solid-state reaction. The
starting materials were La

2
O

3
, MnCO

3
, and TiO

2
(Joh-

nson Matthey, 5N Grade). La
2
O

3
was first fired in air at

1273 K for 12 h. MnCO
3

was also calcined in air at 1473 K
for 24 h to form Mn

3
O

4
. These powders were mixed and

then calcined in air at 1373 K for 24 h. After being ground
again, mixed well, and pressed into pellets, they were finally
fired on platinum foil at 1623 K for 48 h in air. To character-
ize the crystal, X-ray diffraction measurements, as well as
energy dispersive X-ray spectroscopy (EDX), were carried
out. It has been well known that LaMnO

3
exhibits oxygen

excess nonstoichiometry (28). The Mn4` content was deter-
mined by redox titration using the standard ferrous and
permanganate solutions. Then Mn4` contents in the pres-
ent materials are 14, 9, and 5% for x"0.00, 0.03, and 0.05,
respectively. In this case, the chemical formula was generally
given as LaMn

1~x
Ti

x
O

3`d, but it is better written as (LaMn
1~x

Ti
x
)
1~cO3

, reflecting the presence of cation vacancies rather
than excess oxygen (28). Thus, the chemical formulae for
our specimens would be represented as (LaMn)

0.977
O

3
,

(LaMn
0.97

Ti
0.03

)
0.98

O
3
, and (LaMn

0.95
Ti

0.05
)
0.984

O
3

for
x"0.00, 0.03, and 0.05, respectively. EDX data confirmed
the presence of cation vacancies in the crystals.

X-ray photoelectron spectra (XPS) were measured at
room temperature with a commercial X-ray photoelectron
spectrometer (PHI ESCA-5600). The base pressure in the
chamber was about 10~12 atm. The X-ray source is the
monochromatized AlKa line (1486.6 eV) with a combined
energy resolution of about 0.3 eV. The cleanliness of a sam-
ple surface was ensured by in situ scraping of the surface
with an alumina file, so that the C 1s signal due to carbonate
impurity in the surface was found to be very weak in all of
the samples. Core level binding energies were assigned with
respect to the C 1s peak at 284.6 eV as a reference in order to
account for the surface charge up. The Mn 2p

3@2
core level

binding energy for x"0.05, for instance, appears at about
641.1 eV which moves slightly to a higher energy level as
x decreases. According to XPS experiment result for LaMn
O

3`d carried out by Chainani et al. (29), indeed, the Mn
2p

3@2
core level binding energy is observed at 642.1 eV. Our

XPS results, therefore, imply that the increase in x results in
a decrease in concentration of Mn4`.

We have also carried out XPS experiment to examine the
valency of Ti ions. The Ti 2p core level binding energy in the
present materials is observed to be at about 457.3 eV. In
general, the valency of Ti ions in (LaMn

1~x
Ti

x
)
1~cO3

is
very difficult to determine because the crystal field para-
meter of Ti4`, 10Dq, is very close in values to that of Ti3`
(30, 31). In the XPS spectra by Fujimori et al. (30), the Ti 2p
core level spectrum for Ti3` in LaTiO

3
which involves 15%

Ti4` includes a sharp peak at 457 eV and a shoulder at
462.5 eV (30), while the Ti 2p core level binding energy for
Ti4` in SrTiO

3
is observed at 458.8 eV (31). Although there

is a possibility that some Ti4` ions in (LaMn
1~x

Ti
x
)
1~cO3

transfer to Ti3` because of oxygen deficiency due to ultra-
high vacuum, the valency of Ti ions in our samples would be
nearly 4# on average, as expected. If the valency of Ti ion
in (LaMn

1~x
Ti

x
)
1~cO3

is 3#, Ti3` ion should generate
Mn2` and then the Mn 2p

3@2
core level must shift toward

a lower level because a binding energy of a core level shifts
generally toward the lower side when the valency is reduced
(29).

Powder X-ray diffraction patterns correspond well to the
pattern reported by Verelst et al. (32). (LaMn

1~x
Ti

x
)
1~cO3

has the GdFeO
3
-type orthorhombic perovskite structure.

In our experiment, we tried to increase x up to 0.1 but found
that x"0.07 was the upper limit to obtain a single phase
sample by the conventional solid-state reaction technique in
air. The densities of the specimens were about 90% of the
theoretical values, which were calculated using the lattice
constants obtained in X-ray measurements.

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. Seebeck coefficients were measured with a
precision digital multimeter in the temperature range of
about 100 to 300 K in a home-made device. Using HP
4274A, 4275A, and 4284A LCR meters with the frequency
range of 100 Hz to 1 MHz, capacitances and conductances
were obtained as a function of temperature up to 300 K by
four-terminal pair AC impedance measurements. The meas-
ured values of capacitances and conductances were correc-
ted by calibrating capacitances and resistances of leads to
zero. An In—Ga alloy in 7 : 3 ratio was used for the elec-
trode of measurements of capacitances and conductances.
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In order to check Maxwell—Wagner-type polarization,
capacitance measurements were carried out at 80 K in the
frequency range of 1 kHz—1 MHz by changing the thickness
of the specimen from 1.2 to 0.6 mm. The dielectric constants
were then found to be independent of the thickness of the
specimen. Consequently, Maxwell—Wagner-type polariza-
tion is excluded. To test the effect of the electrode—specimen
interface, evaporated gold was also used, but there were no
differences in the experimental results. The theoretical
framework of the complex impedance analysis employed in
this work (26, 27) and the further detailed experimental
procedures are well described elsewhere (19—25).

RESULTS

Figure 1 shows the temperature dependence of the See-
beck coefficients (a) for every specimen. Positive Seebeck
coefficients indicate that the (LaMn

1~x
Ti

x
)
1~cO3

system is
a p-type semiconductor in the temperature range where the
coefficients can be measured. The resistances of our samples
were greater than about 106 ) below 100 K. Such a high
resistance makes the open-circuit-like noise greater than the
signal. With increasing x, a increases. The maxima of the
coefficients appear around 160 K, near the Néel temper-
ature (¹

N
) in LaMnO

3
. LaMnO

3
is an antiferromagnetic

insulator below ¹
N
"140 K (33).

Figure 2 depicts complex-plane impedance plots at 92,
130, and 200 K for x"0.00. The plots at 92 and 130 K
contain two semicircular arc structures, i.e., the highest-
frequency arc crossing through the origin (the bulk conduc-
tion) and the intermediate arc (the conduction across the
grain boundary). Though the highest-frequency arc appears
below 140 K, the plots of this arc at higher temperatures
require frequencies much higher than the maximum one in
the present study (see Fig. 2c). The lowest resistance value of
the intermediate arc corresponds to the bulk resistance.
Since the lowest-frequency arc was not observed in every
specimen, there must be no electrode polarization in the
FIG. 1. Temperature dependencies of Seebeck coefficients, a, as a para-
metric function of the amount of Ti, i.e., x.
present system throughout the frequencies employed in the
measurements. The highest resistance value of the inter-
mediate arc is the total resistance in the grains and grain
boundaries (26, 27).

The Arrhenius relations plotting the bulk conductivities
and those corresponding to the highest resistance values of
the intermediate arcs against reciprocal temperatures are
illustrated in Fig. 3 together with DC conductivities for the
specimen of x"0.03. Since most of the conductivities cor-
responding to the highest resistance values of the intermedi-
ate arcs overlap the DC conductivities, the four-probe
method measures the total resistances in the grains and
boundaries. The bulk conductivities estimated from the
lowest resistance values of the intermediate arcs above
140 K are extrapolated on the line from the low temperature
region. This fact suggests that a dielectric relaxation occurs
within the grains even above 140 K, as expected.

Employing the bulk conductivities, Fig. 4 plots Arrhenius
relations of p¹ and 1/¹. In every specimen, there is a
transition from the low-temperature conduction process to
the high-temperature one, i.e., the linear portion at ¹(

140 K with an activation energy of 0.085, 0.092, or 0.12 eV
and another one at ¹'200 K with an activation energy of
0.16, 0.17, or 0.19 eV for the specimen of x"0.00, 0.03, or
0.05. It is noteworthy that the conductivities decrease with
an increase in x. Furthermore, the activation energies re-
quired for both the conduction processes increase as x in-
creases.

Figure 5 displays the frequency dependencies of the di-
electric loss tangent and electric modulus for the specimen
of x"0.05 at several temperatures. Above 120 K, no reson-
ance peak was recognized in the frequency range employed
in the present work. This fact implies that the resonance
peak disappears at high temperatures or the dielectric relax-
ation process requires the frequencies much higher than
1 MHz, the maximum frequency used in the present work, if
it exists above 120 K.

DISCUSSION

The present study has succeeded in distinguishing the
bulk conduction from the conduction across grain bound-
aries, using the complex-plane impedance analyses. The
bulk conductivities obtained by the impedance analyses are
remarkably higher than those by the four-probe DC tech-
nique as shown in Fig. 3. The elucidation of the real trans-
port behaviour requires the bulk conduction.

The temperature dependencies of the conductivities in
Fig. 4 resemble closely those of LaFe

x
Ni

1~x
O

3
(x40.2),

LaCoO
3
, and Nd

1~x
La

x
NiO

3
(x40.3) which include

rather deeply localized 3d electrons (34—36). In these sys-
tems, the electrical transport properties have been explained
in terms of the polaron hopping conduction. If the conduc-
tion is due to a hopping-process of small polarons of holes,



FIG. 2. The complex-plane impedance analyses for the specimen of x"0.00 at several temperatures: (a) 92 K, (b) 130 K, and (c) 200 K, where Z@ and
ZA represent the real and imaginary parts of the total impedance at each applied frequency, respectively.
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the temperature dependence of the bulk conductivity pre-
dicted by polaron theory is of the form (19—25, 34, 35, 37, 38)

p¹JexpA!
¼

H
#¼

D
/2

k
B
¹ B , [1]

where ¼
H

is the hopping energy of a polaron and ¼
D

represents the disordered energy which is generally neg-
ligibly small in a crystalline bulk, even less than the experi-
mental error in the determination of ¼

H
(39). The linear

relations in the Arrhenius plots of p¹ and 1/¹ in Fig. 4 are
surely in favor of the polaronic conduction in (LaMn

1~x
Ti

x
)
1~cO3

system. As shown in Fig. 4, however, this system
contains two bulk conduction processes, one above ¹

N
and

another below ¹
N
.

The discussion starts from the low-temperature conduc-
tion process in the antiferromagnetic phase below ¹

N
. As

demonstrated in Fig. 5, the dielectric relaxation process
takes place below ¹

N
. Dielectric relaxation behavior is

approximately described by Debye’s theory (35, 38). The
dielectric loss tangent and dielectric modulus are

tan d"
eA
e@
"(e

0
!e

=
)

uq
0

e
0
#e

=
(uq

0
)2

, [2]

MA"(e
0
!e

=
)

uq
0

e2
0
#e2

=
(uq

0
)2

, [3]

where M*"M@#jMA"1/(e@!eA) and q
0
"(e

0
#2)q/

(e
=
#2). At a temperature ¹, the loss tangent (tan d) and the

electric modulus (MA) have the maxima at the resonance
frequencies, f

5!/d and f
M
, i.e., f

5!/d"Je
0
/e
=
/2nq and f

M
"

(e
0
/e
=
)/2nq, where e

0
and e

=
are the static and high-fre-

quency dielectric constants, and q is the relaxation time,
which is proportional to exp(Q/k

B
¹), Q being the activation

energy for the dielectric relaxation. These relations yield the
dielectric resonance condition at a temperature ¹ (35, 40) as

( f
5!/d)2
f
M

J expA!
Q

k
B
¹B . [4]



FIG. 3. Three Arrhenius relations of p vs 1/¹ for the specimen of
x"0.03 below room temperature; the first one (solid circles) represents the
bulk conductivities obtained from the real axis intercepts of the highest
frequency arcs in the impedance analyses, the second one (open circles)
employs the highest resistance values of the intermediate semicirculars, and
the third one (solid squares) is plotted using the DC conductivities meas-
ured by the four-probe method.
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Figure 6 plots the Arrhenius relations of ( f
5!/d)2/fM and 1/¹.

Good straight lines are obtained with Q"0.08, 0.09, and
0.12 eV for the specimens of x"0.00, 0.03, and 0.05,
respectively. These values are in good agreement with the
FIG. 4. Arrhenius relations between p¹ and 1/¹, where p is the bulk
conductivity. Each specimen contains two thermally activated processes
represented by the straight solid lines.

FIG. 5. Frequency dependencies of dielectric loss tangent (tan d) and
electric modulus (MA) at several temperatures for the specimen of x"0.05;
(a) tan d and (b) MA.
activation energies required for the bulk conduction, which
are obtained in Fig. 4, i.e., Q:¼

H
. If the bulk conduction

process does not contain a dielectric relaxation, the impe-
dance analysis theory indicates that the imaginary parts in
the highest-frequency semicircle become zero, as Maiti and
Basu (41) demonstrated on electron-doped BaTiO

3
. If h"n

in the highest-frequency arc, on the other hand, only the
conduction process associated with a dielectric relaxa-
tion leads to the bulk conduction and consequently the



FIG. 6. Arrhenius relations between ( f
5!/d)2/fM and 1/¹.
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activation energy required for the bulk conduction is equal
to that for the dielectric relaxation, i.e., Q"¼

H
, where h is

the angle of the origin—the center of the highest-frequency
arc—the real axis intercept (41). Besides the hopping energy
of small polarons, the bulk conduction due to a hopping
process of small polarons generally involves the energy
required for creation of free small polarons (e.g., see (35)). In
this case, ¼

H
'Q as shown in our previous reports

(19—25, 34, 35). In (LaMn
1~x

Ti
x
)
1~cO3

system, h is nearly
equal to n (i.e., h:0.96n) and then Q:¼

H
. This fact

implies that the hopping process of small polarons of holes
dominates the electrical transports below ¹

N
(35).

According to the recent studies on photoemission and
XAS by Saitoh et al. (42), LaMnO

3
is a charge transfer

(CT)-type insulator with the ground state of strongly p—d
mixed character because of strongly hybridization of Mn 3d
and O 2p. Taking into account their optical results, the XPS
results on our samples, and the fact that the hopping process
of small polarons of holes takes place, therefore, the hop-
ping of mobile charge carriers between O 2p and Mn 3d
orbitals would be preponderant over the hopping between
singly occupied e orbitals on Mn3` ions (t3

2'
e1
'
) and empty

e orbitals of Mn4`(t3
2'

) (43, 44). In fact, the similar hopping
processes occur with the assistance of the antiferromagnetic
ordering due to superexchange interactions in several re-
lated 3d transition metal compounds (45, 46). Furthermore,
the temperature dependencies of Seebeck coefficients ob-
served in Fig. 1 are similar to those in the systems with
strong hybridization of O 2p and 3d orbitals (47—49).

From this point of view, the charge carriers attributing
to the electrical conduction below ¹

N
are small polarons

of holes. Since Mn3` ions in a high-spin state introduce
generally a tetragonal distortion due to a Jahn—Teller effect
(42—44), these small polarons of holes must be more deeply
localized and/or more surely stabilized by the assist of the
Jahn—Teller effect (13, 14). According to the small polaron
theory, a decrease in the concentration of small polarons
results in an increase in the hopping energy (38), and then
the stability and/or localization of small polarons is closely
related to the polaron binding energy (¼

P
) because the

increase in the polaron binding energy enhances the stabil-
ity and/or localization of small polarons. Furthermore, the
Jahn—Teller-type electron—phonon interaction may enlarge
the polaron binding energy because the potential energy of
an electron (and/or a hole) is lowered by the displacement of
the neighboring ions introduced by the electron—phonon
interactions. Thus, a strong electron—phonon interaction
induces large displacement of ions, which localizes electrons
(and/or holes) more deeply and consequently results in
a large value for the polaron binding energy (50). As x in
(LaMn

1~x
Ti

x
)
1~cO3

increases, the activation energy re-
quired for the bulk conduction increases (see Fig. 4) as do
the Seebeck coefficients (see Fig. 1). These increases provide
the direct support for the theoretical picture described
above because ¼

P
:2¼

H
(38). Consequently, the hopping

energies required for the bulk conduction increase with
increasing x, and the superexchange interaction and the
Jahn—Teller effect must cooperate in the electrical trans-
ports due to the hopping process of small polarons of holes
in the antiferromagnetic phase below ¹

N
.

The temperature dependencies of conductivities above ¹
N

also suggest polaronic conduction, but the energies required
for the conduction are higher than those below ¹

N
. The

Jahn—Teller effect may still contribute to the hopping pro-
cess of small polarons of holes in the paramagnetic phase,
because this effect works even above ¹

N
. However, the

superexchange interaction should become less prominent or
disappear in a paramagnetic phase (44, 51). It is generally
accepted that charge carriers in a paramagnetic phase are
localized more deeply by a spin disorder (16), therefore the
nature of the small polarons of holes changes from that
below ¹

N
, and this must be one of the main reasons which

result in the high hopping energies above ¹
N
.

Though the Arrhenius relation of p¹ and 1/¹ above ¹
N

in Fig. 4 favors small polaron hopping conduction, some
more direct evidence by other experimental means is re-
quired. Dielectric measurements especially, using frequen-
cies much higher than those in the present work, could pro-
vide direct evidence if a hopping process of small polarons
of holes dominates the bulk conduction at ¹'¹

N
, as Mills

et al. suggested (13, 14).

CONCLUSION

The present paper has succeeded in distinguishing the bulk
conduction from the conduction across grain boundaries



472 JUNG, NAKATSUGAWA, AND IGUCHI
in the (LaMn
1~x

Ti
x
)
1~cO3

system (x"0.0, 0.03, and 0.05).
In the temperature dependencies of the bulk conductivities,
there are two thermally activated processes separated at the
Néel temperature, ¹

N
. Below ¹

N
, a dielectric relaxation

appears in every specimen and the activation energy re-
quired for the relaxation is nearly equal to the activation
energy in the bulk conduction. Above ¹

N
, a dielectric relax-

ation process requires frequencies higher than the maximum
one in the present study. In the antiferromagnetic phase
below ¹

N
, the electrical transport in the bulk proceeds

via a hopping process of small polarons of holes between
O 2p and Mn 3d orbitals. Both a superexchange interaction
and the Jahn—Teller effect contribute to the hopping process
of small polarons of holes. The x dependencies of the
conductivities and Seebeck coefficients indicate that small
polarons of holes are the most plausible candidates for
the majority carriers, where x represents the amount of
Ti ions. In the paramagnetic phase above ¹

N
, the temper-

ature dependencies of the bulk conductivities also suggest
a possibility of the polaronic conduction with activation
energies higher than those below ¹

N
, but more direct

evidence by other experimental means is required to con-
firm this possibility.
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