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a b s t r a c t

In this work we report on thermopower S(T) and electrical resistivity q(T) measurements performed on
La1�xSrxMnO3 (x = 0.2, 0.3) ceramic samples, obtained by cold compaction and sintering of mechanically
alloyed nanocrystalline powders. The samples studied in this work display grain sizes between d � 70 nm
and O(2 lm). The effects induced by the nanostructure on the thermoelectric and electrical properties in
the paramagnetic state have been studied and discussed in terms of current theories about small polaron
electrical transport in manganites. The observed changes in the conductivity and thermopower activation
energies can be interpreted as a consequence of enhanced carrier localization and higher polaron forma-
tion energy WH for nanocrystalline La1�xSrxMnO3.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

La1�xSrxMnO3 (LSMO) is a manganese perovskite system that
has been the subject of intense research in the last decade due to
the peculiarities of its phase diagram, mainly in the low Sr content
region (0 6 x 6 0.4). Whereas for x 6 0.25 this material shows a
paramagnetic insulator–ferromagnetic metal transition, for higher
Sr content single-crystalline samples have been reported to remain
metallic throughout the whole temperature range [1,2]. The high
values of Curie temperatures (compared to other manganite sys-
tems) observed for Sr contents above x = 0.2 (TC P 310 K) allow
for the observation of significant magnetoresistive effects at room
temperature [2]. Moreover, its good electrical properties at high
temperatures make LSMO a good candidate for application as cath-
ode in solid state fuel cells [3].

It is well known that the electrical transport and thermoelectric
properties of this type of manganites are extremely sensitive to
doping on the lanthanide sites [4]. For low dopant concentrations
and temperatures above the Curie temperature TC, i.e. in the para-
magnetic insulating region of the phase diagram, the electrical
transport is dominated by polaronic carriers, more precisely small
polarons. The localization of charge carriers in small polarons is
due to the large electron–phonon interaction, which in the case
of manganites is enhanced by the Jahn–Teller activity of Mn3+ ions
[1]. At high temperatures the dominant electrical transport

mechanism is thermally activated hopping of these localized small
polarons, reflected in an Arrhenius-type activated behaviour of the
electrical resistivity [5]. The thermopower is also governed by ther-
mal activation of carriers, as in band semiconductors, and therefore
high S(T) values (|S(T)| P 100 lV K�1) can be observed [6]. For
higher dopant concentrations (0.25 6 x 6 0.5), in the reported
metallic side of the phase diagram, the electrical resistivity of cera-
mic samples displays substantially smaller values than in the low
Sr concentration region, although clear metallic behaviour dq/dT
in the whole temperature range, including the paramagnetic re-
gion above TC, has been observed only for single-crystalline sam-
ples and good quality films [7–9]. In this high dopant
concentration region, the thermopower also displays smaller val-
ues, as expected for substantially less localized carriers.

In this work we will study the effect of nanostructure on S(T)
and q(T) for ceramic samples of La0.8Sr0.2MnO3 and La0.7Sr0.3MnO3,
which respectively correspond to these two regions of the LSMO
phase diagram. The results will be interpreted in the framework
of present theories about electrical transport in manganites.

2. Experimental

Nanocrystalline powders of LSMO (x = 0.2, 0.3) were obtained by mechanical
alloying mixtures of SrO, Mn2O3 and La2O3 commercial powders from Alfa Aesar.
The milling process was carried out in a Retsch PM400 planetary ball mill equipped
with 5.4%-YSZ pots and balls, at a speed of 200 rpm, in air. The ball/powder weight
ratio was 7:1. At different milling times the mill was stopped and small amounts of
powder (30 mg) were extracted, in order to monitor the alloying process using
X-ray diffraction (XRD) experiments. These experiments were performed using a
Philips X’pert diffractometer and Cu Ka radiation (k = 1.5418 Å). The samples
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studied in this work were pellets obtained from the final milling product (after 56 h
milling time) by cold compaction, and afterwards subjected to sintering thermal
treatments in the temperature range between 900 �C and 1200 �C, in air and using
MgO crucibles. For the nanocrystalline samples, grain size and microstrain values
were determined from the widths of the Bragg peaks of the XRD patterns, using
the Warren–Averbach method [10]. In the case of the microcrystalline sample,
the grain size was obtained from the analysis of images obtained via scanning elec-
tron microscopy (SEM), using a Philips XL30 microscope.

Thermoelectric power and dc electrical resistivity measurements were
performed on samples sintered at 900, 1000 and 1200 �C in the temperature range
between 100 and 525 K using a commercial MMR Technologies system. Electrical
measurements were carried out on 10 mm diameter disks using the Van der Pauw
method. The thermopower S(T) was obtained by comparison with a reference con-
stantan wire. All the samples studied in this work had similar dimensions
(�1 mm � 1 mm � 6 mm). The reproducibility of our measurements was checked
by repeating every experimental run with new contacts both on the sample and
on the reference constantan wire. The temperature dependence was essentially
the same for every run. The estimated experimental accuracy of the S(T) measure-
ments shown in this work is better than ±5%. In the case of q(T) measurements, sig-
nificant changes in the absolute values of the resistivity were observed between
runs (up to 60%), without affecting the temperature dependence. This is often ob-
served for ceramic polycrystalline samples, and most likely due to the combined ef-
fect of porosity, microcracking and of course to the unavoidable uncertainty in the
sample dimensions.

3. Results and discussion

As it was already explained above, the XRD patterns of powders
extracted at different milling times were monitored to track the
alloying process. After 56 h, the Bragg peaks corresponding to the
starting powders have disappeared, and the pattern shows new
peaks that can be identified with those expected for LSMO in this
Sr concentration range. Similar results were obtained both for
x = 0.2 and x = 0.3. For the 56 h as-milled powders, an average grain
size of d � 15 nm is estimated for both nominal compositions by
performing a line profile analysis using the Warren–Averbach
method. The (012) and (024) peaks were used for the calculations.
Contrary to the widely used estimation obtained using the Scherrer
formula, this method takes into the account the effects of micro-
strain peak broadening. For the other samples studied in this work,
that were sintered at 900, 1000 and 1200 �C, the XRD patterns
show the expected narrowing of the Bragg peaks, indicative of
grain growth, as well as a progressive reduction of the microstrain.
In Fig. 1 we present the XRD patterns for the x = 0.2 samples. Val-
ues of grain size, microstrain and other parameters for all the sam-
ples studied are displayed in Table 1.

Before coming into the issue of the effects of the nanostructure
on the thermopower and electrical resistivity, we present in Fig. 2

the results of q(T) and S(T) measurements for the samples sintered
at 1200 �C (microcrystalline samples). As expected, q(T) for x = 0.2
shows clear insulating behaviour above Tq = 305 K marked by the
anomaly observed in the q(T) curve, very close to the Curie temper-
ature TC = 307 K determined from our own thermogravimetric mea-
surements (not shown). The ferromagnetic state is, on the other
hand, metallic. For the x = 0.3 sample, much lower resistivity values
are observed (�6 � 10�3 X cm at 500 K), similar or even lower than
those reported by other authors for La0.7Sr0.3MnO3 [1,2]. A sharp
change in slope is observed at Tq = 365 K, also not far but above
our TC value from thermogravimetric measurements (TC = 356 K).
Above Tq q(T) displays a small negative slope, as usual for ceramic
samples, with the exception of the very small positive slope re-
ported by Ohtani et al. [11], and more recently by Kozuka et al.
for x P 0.3 [12]. The TC values obtained for both compositions are
similar to those previously reported for the LSMO system [1,2,13].

Results of thermopower measurements on these samples,
which are also in general agreement with previous reports for
the same materials [4,6,14], are shown in the same figure. Notice
the sharp change in slope at TC = 358 K observed for x = 0.3, in
excellent accord with the value obtained from thermogravimetric
measurements. For x = 0.2, the effect of the ferromagnetic transi-
tion below the maximum at T � 318 K is less apparent, because
of the restricted experimental range of our S(T) measurements.

The results of q(T) and S(T) measurements as a function of grain
size on La0.8Sr0.2MnO3 are shown in Fig. 3. As expected, the electri-
cal resistivity increases with decreasing grain size, whereas the
temperature of the insulator to metal transition (IM), revealed by

Fig. 1. X-ray diffraction patterns of La0.8Sr0.2MnO3 as-milled powders and samples
sintered at Ts = 900 �C, 1000 �C and 1200 �C. Inset: evolution of the (024) Bragg
peak, showing the effects of grain growth.

Table 1
Sintering temperatures, grain size d, microstrain he2

L i
1=2, conductivity activation

energy Er, thermopower activation energy ES and polaron formation energy WH, for
the La1�xSrxMnO3 samples studied in this work.

Sample (x)
La1�xSrxMnO3

Tsintering (�C) d
(nm)

he2
L i

1=2

⁄ 10�3

Er

(meV)
ES

(meV)
WH

(meV)

0.3 As-milled 15 15.1 – – –
900 73 3.4 129.5 8.2 121.3
1000 89 1.2 142.0 6.7 135.3
1200 1700 �0 76.2 6.1 70.1

0.2 As-milled 15 8 – – –
900 71 2.1 174.2 6.0 168.2
1000 85 1 163.9 5.7 158.2
1200 1730 �0 147.9 8.6 139.3

Fig. 2. q(T) vs. T and S(T) vs. T for La0.8Sr0.2MnO3 and La0.7Sr0.3MnO3 samples
sintered at 1200 �C (microcrystalline samples). The vertical arrows signal the Curie
temperature TC for both samples.
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the maximum in the q(T) curve (Tq), is progressively shifted to
lower temperatures. Solid lines in Fig. 3(a) are fits to:

q
T
¼ q0exp

Er

kBT

� �
ð1Þ

This expression is valid if the electrical transport is dominated by
polaronic carriers [5]. The activation energies Er obtained from
these fits are listed in Table 1. In all cases the fits were performed
for data corresponding to the paramagnetic range, i.e. for T well
above both Tq and TC. Regarding the results of S(T) measurements
for x = 0.2, shown in Fig. 2(b), they can be analyzed also in the
framework of current theories of polaronic transport. Following
Mott’s theory [5], S(T) should follow the law:

SðTÞ ¼ kB
e

ES

kBT
þ a

� �
ð2Þ

where ES is the thermopower activation energy, a is a material
dependent constant of order 1 and ES� Er. The ES values obtained
from fits performed, as in the previous case, for T well above both Tq
and TC, are shown in Table 1, and confirm the hypotheses of pola-
ronic carriers. Notice how Er (ES) increases (decreases) as grain size
is reduced. The high TC values (ffi305 K) observed in our thermo-
gravimetric measurements for all the x = 0.2 samples allow us to
discard oxygen stoichiometry as the reason for the changes ob-
served in q(T) and S(T), as it would result in substantial changes
of TC [15,16].

In Fig. 4 we present the results of q(T) and S(T) measurements
as a function of grain size on La0.7Sr0.3MnO3, as well as the fits of
data in the paramagnetic temperature range performed using
Eqs. (1) and (2). Just like in the previous case, decreasing grain size
leads to an increase of electrical resistivity values (Fig. 4(a)). Previ-
ous authors have interpreted the enhanced low temperature resis-
tivity observed in nanocrystalline La0.7Sr0.3MnO3 as a result of a
charging effect (Coulomb blockade) at grain boundaries [17]. No-
tice also that, even for our microcrystalline sample, our curves
show negative slope above TC. This is the typical behaviour ob-
served in La0.7Sr0.3MnO3 ceramic samples. On the other hand, a
parallel increase of |S(T)| values for decreasing grain size is ob-
served for the curves shown in Fig. 4(b). Once again, the high TC

values (�360 K) observed in our thermogravimetric measurements
for these samples indicate a practically identical oxygen stoichiom-
etry. Notice that S(T) displays a change in slope at Tc � 358 K for all
the x = 0.3 samples. In the inset to Fig. 4(b), we display – TdS/dT vs.
T for the microcrystalline sample, showing a peak that resembles
that of the specific heat at Tc. This behaviour has been previously
observed in itinerant ferromagnetic systems, for example in nickel
[18] and conducting oxypnictides [19], and is interpreted as a clear
indication of the itinerant character of the phase transition. We
want to point out that, as far as we know, ours is the first analysis
of the thermopower and electrical resistivity data of La0.7Sr0.3MnO3

truly performed in the paramagnetic range above TC. The fits to Eq.
(2) reported in Ref. [20] were performed for S(T) data between
270 K and 300 K, i.e. well in the ferromagnetic state, and very close

(a)

(b)

Fig. 3. q(T) vs. T (a) and S(T) vs. T (b) for the La0.8Sr0.2MnO3 samples studied in this
work. Solid lines are fits to the expressions given in text (Eqs. (1) and (2)). The
arrows mark Tq � TIM and Tc � 305 K.

(a)

(b)

Fig. 4. q(T) vs. T (a) and S(T) vs. T (b) for the La0.7Sr0.3MnO3 samples studied in this
work. Solid lines are fits to the expressions given in text (Eqs. (1) and (2)). The
arrows mark Tq � TIM and Tc � 358 K.
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to Tq. In our case, we have performed all the fits above TC, since the
temperature dependence of the thermopower is greatly affected by
the critical behaviour close to TC, as the peak shown in the inset to
Fig. 4(b) clearly demonstrates.

The results reported above for both nominal compositions can
be explained in terms of increasing localization of the charge car-
riers. In the case of La0.8Sr0.2MnO3, which is an insulator in the
paramagnetic state, the electrical resistivity is dominated by pola-
ronic charge carriers, as it is demonstrated by the great difference
between the activation energies obtained from electrical resistivity
and thermopower (ES� Er). Moreover, in the framework of Mott’s
theory for conduction in small polaron systems [21], the conduc-
tion activation energy Er is given by Er = WH + WD/2 for T > hD/2,
where WD is the disorder energy and WH is the polaron hopping en-
ergy. The polaron hopping energy is the difference between activa-
tion energies Er and ES obtained by fitting the r(T) and S(T) curves
vs. temperature (WH = Er � ES). The values obtained from our fits
are summarized in Table 1, showing an increase of WH with
decreasing grain size, which can be interpreted in terms of a
decreasing width of the polaron band gap, which leads to an in-
creased localization of the charge carriers [22]. A similar enhanced
localization of the polaronic charge carriers has been observed for
nanocrystalline CuAlO2 obtained using mechanical milling [23].

As regards to La0.7Sr0.3MnO3, which is reported to be a paramag-
netic metal above TC, its high temperature resistivity has been ex-
plained in terms of a crossover between two different types of
polaron conduction [5,8]. Just above TC, the polarons behave as free
carriers, and in single crystals and good quality films phonon scat-
tering gives rise to a positive dq/dT in a limited temperature range
above TC [8]. At higher temperatures, the phonon scattering is
strong enough to localize the polarons, and the resistivity reaches
a maximum at Tq � TIM, above which the carriers move by means
of thermally activated hopping (negative dq/dT). As it has been said
before, the effect of grain boundaries on the low temperature elec-
trical properties must be taken into account for ceramic LSMO
samples [17]. In the case of nanocrystalline samples, an additional
localization effect due to the combined effect of reduced grain size
and enhanced microstrains and disorder is naturally expected,
resulting in a shift of the insulator to metal transition (Tq) towards
lower temperature, in complete agreement with the results shown
in Fig. 4(a). Please notice that for our more crystalline sample, Tq is
slightly above TC, shifting to lower temperatures with decreasing
grain size.

Considering the performance of nanocrystalline LSMO or other
manganites as thermoelectric materials [24], it is obvious that
the drastic conductivity reduction, due to the localization effect re-
ported in this work, would reflect in a negative impact on the fig-
ure of merit ZT, in spite of the moderate enhancement of |S(T)|
values observed for x = 0.3 (around 30% at 450 K) and the reduced
thermal conductivity expected for nanocrystalline materials. For
LSMO, the most likely way of increasing ZT would be to decrease
the thermal conductivity and at the same time avoiding the local-
ization effect of grain boundaries, for example by growing it in thin
film or multilayer form.

4. Conclusions

We have performed a study of the thermopower and the electri-
cal resistivity on bulk ceramic samples of La1�xSrxMnO3 (x = 0.2,
0.3) with grain sizes in the range between d � 70 nm and
O(2 lm). The temperature dependences of S(T) and q(T) observed
in the paramagnetic temperature range above TC, demonstrate that
for both samples the electrical transport and the thermoelectric
properties are dominated by polaronic carriers, and that the nano-
structure induces changes in the conductivity and thermopower
activation energies that can be interpreted in terms of enhanced
carrier localization and higher polaron formation energy WH for
nanocrystalline La1�xSrxMnO3.
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