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Abstract

Thermopower and conductivity are measured for the perovskite-like manganite La1�xBaxMnO3 (0:02pxp0:35) in the

temperature range 200–9501C and oxygen pressure varying between 10�11 and 0.5 atm. The data for thermopower and electrical

conductivity indicate a transport mechanism dominated by adiabatic hopes of small polarons. The high-temperature limit for the

thermopower is mainly defined by the spin contribution while configurational contribution does not depend essentially on

the doping level. Changes in the conductivity with doping are shown to reflect variations in the mobility of charge carriers.

r 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

There is a general consent that properties of the
acceptor doped, perovskite-like manganites stem from
an interaction between the spin, charge and lattice
degrees of freedom. Their interplay leads to a polaron-
like transport both in the low temperature metal and in
the high-temperature insulator-like states. However, the
nature of charge carriers is still a controversial issue.
Laiho et al. [1] argue for spin polarons. Mizusaki et al.
[2] suggest a small lattice polaron type conductivity
while Poulsen [3] arrives to conclusion that both small
and large polaron models are equally applicable to
manganites. It is necessary to notice that discussions of
high-temperature transport features are often based
only on the defect chemistry consideration and analysis
of the equilibrium oxygen content [3,4] when it is
difficult to decide whether the conductivity variations
with doping may be driven by changes in the carrier
density or the mobility. The manganites doped with
calcium or strontium attract most intense research

efforts [3]. On the other hand, substitution of barium
for lanthanum may be of interest also because the
tolerance factor increases faster at the doping. There-
fore, one can expect stronger changes in the crystalline
lattice at smaller variations of the dopant content, i.e.
larger sensitivity of properties, particularly conductivity,
to changes in the doping level. In order to gain insight
into the nature of the transport mechanism, we have
performed thermopower measurements on Ba-doped
lanthanum manganite ceramic samples over a wide
range of concentrations, temperatures and partial
pressures of oxygen in addition to the basic character-
ization by electrical conductivity measurements. In
contrast to electrical conductivity, thermopower de-
pends mainly on concentration of charge carriers and
thus is relatively insensitive to changes in their mobility
or to the influence of grain boundaries. We will show
that for this material the high-temperature thermopower
is consistent with small polaron carriers hopping in
paramagnetic state. The magnitude of thermopower
shows that there are considerably more carriers per
transport site than would follow from a nominal valence
consideration. Independently on the doping level, the
thermopower is found to contain mainly the spin
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contribution. Hence, conductivity changes with barium
content follow changes in mobility, which are caused by
deformations in the crystal lattice.

2. Experimental

The samples La1�xBaxMnO3 (x ¼ 0:02; 0.04, 0.06,
0.08, 0.10, 0.15, 0.20, 0.25. 0.30 and 0.35) used in this
study were prepared by a conventional solid-state
reaction method. Starting materials were oxides La2O3
(99.99%), Mn3O4 (99.5%) and barium carbonate
BaCO3 (99.94%). The raw materials were pre-calcined
to remove adsorbates, weighed in desirable amounts and
thoroughly mixed with a mortar and pestle with
addition of ethanol. The mixtures were pressed into
pellets and fired at 900–13001C in air. The materials
were crushed into powder, pressed and fired several
times with gradually increasing the temperature before
single-phase specimens were obtained. Control of phase
purity and determination of crystal lattice parameters
were carried out with X-ray diffraction (l ¼ 1:54178 Å).
Room temperature lattice parameters for the obtained
samples were found in close agreement with data in
work [5].
The synthesized samples were ball milled and pressed

into discs under 2 kbar uniaxial load. The disks were
sintered at 14501C to a density of about 95% of
theoretical. Rectangular bars 2� 2� 18mm3 were cut
from the sintered pellets for electrical measurements.
One specimen, equipped with butt electrodes and
thermocouples, was used for measurements of thermo-
power a: The temperature gradient in the furnace along
the sample was about 15K/cm. Another specimen was
used in four-probe measurements of the d.c. conductiv-
ity s: Current leads of platinum wire (0.3mm) were
tightly wound to the sample at 16mm spacing while the
spacing between the potential probes was 10mm. The
specimen was placed perpendicular to the specimen for
thermopower measurements so that the temperature
gradient along the sample was zero. The measurements
of conductivity and thermopower were carried out
simultaneously in a cell utilizing oxygen sensing and
pumping properties of cubically stabilized zirconia
oxygen electrolyte as described elsewhere [6]. The cell
was filled with a 50% O2, 50% CO2 gas mixture in the
beginning of the experiment and sealed. A typical value
of the pump current necessary to maintain a desirable
oxygen pressure pO2 inside the cell did not exceed
0.5mA. The electrical parameters were measured with a
high-precision Solartron 7081 voltmeter. Experimental
data points were collected only after equilibrium had
been achieved between the sample and ambient oxygen
gas, that is when changes in the logarithm of the
conductivity did not exceed 0.01% per minute and
changes in thermopower did not exceed 0.001 mV/min.

The measurements were carried out in isothermal runs.
The measurements were halted upon achievement of the
desirable low-pressure limit. Then the oxygen pressure
was increased to the starting upper limit where
measurements were repeated in order to confirm
reversibility of the experiment; thereupon temperature
was changed thus enabling the next measuring cycle.
Thermopower data were corrected for the contribution
of the platinum leads [7].

3. Results and discussion

Fig. 1 shows the thermopower and conductivity
versus the logarithm of the oxygen partial pressure
at 9501C in specimens with different barium content.
The thermopower increases when the pressure decreases
from pO2 ¼ 0:5–10�5 atm in the sample with x ¼ 0:02
and, then, remains practically invariable at further
decrease of the pressure down to 10�11 atm. The
transition from the pressure dependent to the pressure
independent behavior occurs at higher pressures when
barium content is larger and above xX0:20 thermo-
power becomes pressure independent in the entire
measured pressure range. This behavior is in agreement
with the well-known robustness of manganites. For
instance, a small oxygen excess is observable at 10001C
in samples slightly doped with strontium only at
pressures above 10�3 atm while oxygen deficiency

Fig. 1. The pressure dependence of the thermopower (a) and of the

logarithm of the conductivity (b) in La1�xBaxMnO3 with different

doping x ¼ 0:02 (1), 0.04 (2), 0.06 (3), 0.08 (4), 0.10 (5), 0.15 (6), 0.20

(7), 0.25 (8), 0.30 (9), 0.35 (10). The temperature of the experiment

is 9501C.
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appears when the pressure is smaller than 10�12 atm [3].
The insensitivity of thermopower to variations of the
oxygen pressure in a wide range reflects invariable
oxygen content in the manganites. This is a valuable
feature because changes in properties are not obscured
by variations in the carrier concentration due to the red-
ox equilibrium of the manganites with the surrounding
gas phase oxygen. Fig. 2 shows the thermopower
dependence on barium content at 9501C under different
oxygen pressures. The downward bent of the isobar at
pO2 ¼ 0:21 atm does not reflect an intrinsic feature but
is rather related to a shift of the solid–gas equilibrium
with a change in the acceptor content. At the same time,
thermopower varies practically linearly with barium
doping at 10�6 atm when changes in the concentration
of the carriers are driven only by internal processes in
the solid. Remarkably, the thermopower sign is negative
in the high-temperature range as seen in Figs. 1 and 2.
This sign is consistent with apparent electronlike
transport. However, electron holes are known to be
dominant charge carriers in the acceptor doped per-
ovskite-like manganites [2–4]. The negative sign can be
explained by a temperature dependent term, which
increases with temperature and, thus, results in a change
of the sign from positive to negative at high tempera-
tures. This is seen in Fig. 3 where the thermopower tends
to positive values with decreasing the temperature.
Similar behavior is observed also at doping with calcium
or strontium [8,9]. Thermopower changes practically
linearly with inverse temperature (solid lines in Fig. 3),
and only above approximately 8001C deviations are
observed from the linearity, which are caused by the
solid–gas equilibrium. Thus, when oxygen content in the
elementary unit is constant, the temperature dependence
of thermopower in La1�xBaxMnO3 may be approxi-
mated by the equation

a ¼ k

e

ea
T

� �
þ aN; ð1Þ

where k and e are the Boltzmann constant and absolute
value of the electron charge, respectively, while ea and
aN are material parameters. The parameter ea is positive
as it must be for hole conduction. Fig. 4 shows the
conductivity at pO2 ¼ 0:21 atm. Up to 8001C it can be
described by

s ¼ s1
T
exp �es

T

� �
; ð2Þ

Fig. 2. The thermopower in La1�xBaxMnO3 versus barium doping.

The partial oxygen pressure is pO2 ¼ 0:21 (1) and 10�6 atm (2) and

the temperature of the experiment is 9501C.

Fig. 3. The thermopower versus inverse temperature for the samples

of La1�xBaxMnO3 with different barium content x ¼ 0:04 (1), 0.1 (2),

0.20 (3), 0.25 (4), 0.3 (5), 0.35 (6). The oxygen pressure is 0.21 atm.

Lines show fittings to Eq. (1).

Fig. 4. The logarithm of the conductivity versus inverse temperature

for the samples of La1�xBaxMnO3 with different barium content

x ¼ 0:04 (1), 0.1 (2), 0.20 (3), 0.25 (4), 0.3 (5), 0.35 (6). The oxygen

pressure is 0.21 atm. Lines show fittings to Eq. (2).
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where s1 and es are constants. Fig. 5 shows the
variations of the parameters ea; aN and es with barium
content obtained from the linear fittings of the plots in
Figs. 3 and 4. The activated nature of Eqs. (1) and (2)
and the large difference between parameters ea and es
suggest that high-temperature transport in
La1�xBaxMnO3 occurs via adiabatic hops of small
polarons [10].
It is seen from Fig. 5 that the parameter ea decreases

with the increase of barium content within the studied
range of the doping. When extrapolated to larger
barium contents this parameter tends to a small, nearly
zero value almost exactly at x ¼ 0:5: In a semiconductor
this may take place when the conduction band becomes
half-filled. In manganites the conduction band is
associated mainly with Mn3+(eg) states [11], and it is
only one quarter filled near x ¼ 0:5: One may suggest a
splitting of this band by some distortion. This is not
possible because the structure tends to decrease distor-
tions from cubic symmetry with the increase in barium
content [5]. Moreover, even in the case of the splitting it
would be very improbable for contributions from the
resulting bands to cancel each other so perfectly well
and, at the same time, to preserve the simple activated
behavior of thermopower at large variations of doping
and temperature. Physical meaning of the parameter ea
in polaronic conductors is often associated with the
energy difference between identical lattice distortions
with and without the carrier. More precisely, the
respective contribution originates from the interaction
of polarons [12] with each other or with other, e.g. spin,
excitations. Therefore, the value of ea gives the energy
scale for the possible interactions. The increase in the
doping results to a state where interaction (scattering) of
polaron carriers is so small that they jump over available
sites almost like free particles, i.e. this state may bear
metal-like properties. In difference with this extreme,

when doping is moderate the polaron carriers cannot be
approximated as non-interacting particles. It is quite
possible that these interactions may have a relation to
the development of transport and magnetic properties at
lower temperatures in manganites with xE0:120:3
[1,11].
When temperature is high and the energy contribution

can be neglected, the thermopower approaches the
temperature independent term aN; which can be
interpreted as configuration entropy per carrier [13].
For the high-spin holes Mn4+ (S ¼ 3=2) jumping over a
network of high-spin Mn3+ (S ¼ 2) ions, the thermo-
power may be expressed as

aN ¼ k

e
ln

1

b
1� cp

cp

� �
; ð3Þ

where cp is fractional hole concentration and b ¼ 5=4 is
the degeneracy factor. From this relation one can expect
a strong dependence of aN from the doping level.
However, it follows from the experimental data in Fig. 5
that aN depends only weakly on the doping. The
average value of aNE� 23 mV/K is close to the spin
contribution ðk=eÞ ln ð1=bÞ ¼ 86 ln ð4=5Þ ¼ �19 mV/K in
Eq. (3). It is known that charge disproportionation may
provide carriers in manganese oxides [9]. The Mn3þ and
Mn4þ ions, relevant to the hole transport, are present in
the manganites in the amounts 1� x � 2x and x þ x;
respectively. The disproportionation parameter, x; may
generally depend on doping and temperature. Hence,
the fractional concentration of holes can be calculated
as cp ¼ ðx þ xÞ=ð1� xÞ: In order to have a weakly
x-dependent fractional hole concentration near 1/2,
according to Eq. (3) and experimental data for aN in
Fig. 5 the disproportionation parameter must decrease
nearly linearly from xE0:3 at x ¼ 0:02 to xE0:1 at x ¼
0:35: The unusual feature of this result is that the
configurational contribution to the thermopower is very
small. This may occur when this term is at minimum
with respect to variations in the number of charge
carriers, i.e. at charge ordering. Another opportunity
may take place when the configurational contribution is
at maximum as it can happen at phase separation of the
manganate in microscopic regions with x ¼ 0 and 0:5:
We have neglected the possibility of formation of the

vacancies on the (La, Ba) sublattice. Such vacancies are
known to appear at high oxygen pressures [3]. None-
theless, one may suppose existence of the quenched
vacancies in the samples under study. The respective
change in the concentration of holes can be easily
calculated [1]. If such vacancies are taken into account
in any reasonable amount it does not result in a viable
modification in x-dependence of the disproportionation
parameter thus leaving the configurational contribution
unaffected. Fig. 6 shows the x-dependence of the
conductivity at 9501C and pO2 ¼ 10�6 atm: It follows
from the suggested analysis of the thermopower that the

Fig. 5. The conductivity and thermopower parameters versus barium

content in La1�xBaxMnO3:
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amount of hole carriers in La1�xBaxMnO3 does not
depend essentially on x in the studied range. Therefore,
the irregular increase in the conductivity with x reflects
mainly the changes in the mobility of hole carriers
because of the deformations in the crystal lattice. This
can be seen also from comparison of the conductivity
and reduced lattice parameters [5].
More traditional interpretation of the high-tempera-

ture thermopower in manganites is known where the
energy contribution in Eq. (1) is neglected and only the
configurational term, Eq. (3), is taken into account [8,9].
The temperature dependence of the thermopower is thus
believed to originate solely from variations of the
fractional concentration cp that in turn are driven by
temperature changes of the disproportionation para-
meter. This approach is not always consistent because
calculations at a constant temperature of the dispro-
portionation parameter in such a picture often result in
the increase of x with x in apparent controversy with the
equilibrium consideration.

4. Conclusions

Thermopower and conductivity are measured for
La1�xBaxMnO3 at different doping, temperature and
oxygen pressure. It is shown that the high-temperature
electron transport mechanism involves jumps of small
polarons. It is not quite clear from the obtained data

whether the carriers are magnetic or lattice polarons
though variations of mobility that follow changes in the
lattice parameters may suggest lattice polarons involving
distortions of the manganese–oxygen octahedra. It is
shown that the polarons cannot be considered as quasi-
free particles. The typical scale for the interaction energy
is about 102K at moderate doping. The high-tempera-
ture limit for the thermopower is consistent with hopes
of positively charged mobile particles having spin 3/2
over a rigid network of sites having spin 2. The
independence of the high-temperature thermopower on
the doping level suggests an ordered nature of the
carriers in the manganites.
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