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Abstract
Above the semiconductor-to-metallic transition (SMT) temperature (Tp),
transport properties of the La1−xPbxMnO3+δ (0 � x � 0.5)-type mixed valence
oxides with Tp between 230 and 275 K (depending on x) have been thoroughly
examined for a small-polaron hopping conduction mechanism of the carriers.
Although the variable range hopping (VRH) model was used earlier to fit the
entire conductivity data above SMT, we noticed two distinct regions (above and
below θD/2; θD is the Debye temperature) where different types of conduction
mechanisms are followed. The high temperature (T > θD/2) conductivity
data of all the Pb-doped samples follow the adiabatic hopping conduction
mechanism, while those of LaMnO3 (x = 0) showing no SMT follow the non-
adiabatic hopping conduction mechanism of Mott or Emin with reasonable
values of polaron radius, hopping distance, polaron binding energy, activation
energy, etc being different for different systems. The VRH model, however, fits
the corresponding low temperature (T < θD/2) data of all the samples. Both
resistivity ρ(T ) and thermoelectric power S(T ) follow a similar microscopic
theory above Tp supporting the small-polaron hopping mechanism.
Thermoelectric power also showed appreciable magnetic field dependence
around SMT.

1. Introduction

In recent years perovskite-type oxide materials of composition La1−xAxMnO3+δ (with A = Sr,
Ca, Ba, etc) have drawn considerable attention from theoretical and experimental researchers
3 Author to whom correspondence should be addressed.
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[1–6] because of their interesting negative magnetoresistive behaviour and other temperature-
dependent non-linear physical properties. The electrical conductivity and antiferromagnetic
properties of such perovskites were explained in terms of the double-exchange interaction [7],
i.e. the transfer of electrons between Mn3+ and Mn4+ ions. Thermopower (S ) and resistivity
(ρ) data [5] on such rare-earth manganates have shown evidence in favour of the formation of
small polarons. This is because of the fact that these oxides contain mixed-valence transition
metal ions (TMI) and hopping/tunnelling from the higher to the lower valence states of the
TMI occurs. Recently, specific heat and resistivity studies by Park et al [8] on La0.7Ca0.3MnO3
also indicated the formation of polarons in this system. The small polaron effect can also be
attributed to the large difference in ionic size (20%) between Mn3+ and Mn4+ ions [9].

Polaron hopping theory [10, 11] was originally used to explain transport in doped or
undoped semiconductors where electrons occupying hydrogenic orbitals with wavefunction
ϕ = ϕ0 exp(−2αR) are localized by potential fluctuations associated with the dopant. There
is a competition between the potential energy difference and the distance electrons can hop.
This is reflected in the expression of the hopping rate (η) to a site at a distance R where the
energy of the carrier is �W higher than that at the origin:

η = η0 exp(−2αR) exp(−�W/kT ) (1a)

This expression is identical to the small-polaron hopping model of Mott [12] (shown in
section 2), since η is proportional to the conductivity (σ ). The variable range hopping (VRH)
model (generally applicable in the low temperature region) can also be derived [13] from
equation (1a). Therefore, the small-polaron hopping model and the VRH model might be
applicable for many semiconducting systems.

Among the many rare-earth manganates already studied, the La1−xPbxMnO3 system is
an interesting one as this system showed giant magnetoresistance around room temperature
[14]. Recently, Ji et al [15] also studied the transport and electron paramagnetic resonance
in La0.6Pb0.4MnO3 and it was suggested that both double-exchange and electron–phonon
coupling are responsible for the giant magnetoresistance around the semiconductor-to-metallic
transition (SMT) temperature. The thermoelectric power of the Pb-doped sample has also
been reported by Mandal [16]. However, we believe the mechanisms of electrical transport
in this and similar other magnetic semiconductors, in the high-temperature region (above
SMT), have not been clearly understood. Particularly, the contribution of the polarons in the
transport mechanism has not been well elucidated in these oxides showing SMT. Recently,Viret
et al [13] reported non-adiabatic hopping and Chatterjee et al [17] reported both adiabatic
and non-adiabatic hopping mechanisms (depending on concentration) in such rare-earth
manganates. Above the SMT temperature, some groups reported semiconducting behaviour
ln(ρ/ρ∝) = Ea/kT [18] with activation energy of the order of 0.2 eV, while others find their
conductivity data (above SMT) can be fitted well by Mott’s VRH model [5, 13, 19–21] which
is actually valid in the low temperature region (<100 K). It has also been pointed out earlier
[22–24] that much of the behaviour of resistivity above the magnetic transition is indicative of
conduction by magnetic polarons. But the real picture of the polaron hopping conduction
mechanism in the high temperature region seems to be more complicated. For better
understanding of the situation, conductivity data need to be thoroughly examined and fitted
with the possible hopping models proposed by Mott [12], Schnakenberg [25] and Emin and
Holstein [11, 26] confirming the polaronic conduction, which has been done in this paper. Like
electrical conductivity, the thermoelectric power (TEP) of these oxides is also interesting [3, 5]
showing giant thermoelectric power and its magnetic field dependence around the SMT
temperature.
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In the present paper we report the concentration (x) -dependent electrical resistivity
(in the presence or in the absence of a magnetic field) and TEP of the La1−xPbxMnO3+δ system
(with x = 0−0.5) in the temperature range 330–80 K. It is observed, in contrast to some earlier
observations by different authors, that two kinds of hopping mechanism (adiabatic and non-
adiabatic) are followed by LaMnO3 (for x = 0 showing no SMT) and La1−xPbxMnO3 (for x > 0
showing SMT) in the high temperature regime (T > θD/2). Here we should emphasize that the
measurements reported here were on sintered samples, rather than melt-grown single crystals.
Such measurements are always potentially affected by intergranular effects. Although,
therefore, not totally unambiguous, we will argue that the main finding of this is the behaviour
of hopping conduction mechanism on the bulk material and not the intergranular contacts.
Even hopping between the micrograins is a possible conduction mechanism in disordered
materials [27]. For many bulk granular semiconductors like LaFexNi1−xO3 [28], La2CuO4
[29], La1−xSr1+xFeO4 [28], etc the small-polaron hopping model and the VRH model have
been successfully used.

2. Experimental details

All the La1−xPbxMnO3+δ (x = 0, 0.05, 0.1 and 0.5) samples were prepared by a solid-state
reaction technique similar to our earlier work [30, 31] using appropriate amounts of La2O3,
MnCO3 and PbO, each of purity 99.99%. The x-ray structural study was made with a
diffractometer (model: Seifert X-Dal-3000). For each of the samples, the value of the ratio
C = 1/(1 + z) where z = Mn4+/Mn3+ was determined in a non-destructive way from the
magnetic susceptibility and density data (these values of C agree quite well within ±5% with
those measured by chemical means). Atomic absorption studies indicated about 1–2 wt% loss
of Pb compared to the initial composition of the raw materials used. This is mainly due to the
evaporation loss of PbO that occurred during high temperature annealing of the samples in air.
The electrical resistivity and TEP of the samples were measured between 330 and 80 K using
an APD cryo-cooler unit with a temperature controller following the procedure reported earlier
[32] with an accuracy better than ±2%. Magnetoresistances of the samples were measured
between room temperature and 80 K in a magnetic field of 1.5 T (maximum). Resistivity
of two samples with the same concentration (x) prepared under similar conditions was found
to vary within ±1%. Magnetic susceptibilities (paramagnetic above the SMT temperature)
of all the samples were measured by VSM above the SM transition temperature. The x-ray
diffraction patterns of the undoped LaMnO3 sample indicated an orthorhombic structure in
agreement with that obtained by Mahendiran et al [1]. Structural analysis of the oxide sample
indicated rhombohedral structure below x = 0.5 and cubic structure above x = 0.5. For the
x = 0.3 composition, the rhombohedral lattice parameter is found to be a ∼ 5.388 Å with
rhombohedral angle ∼61.55◦. For the cubic (x = 0.5) sample, the lattice constant a ∼ 7.88
Å, which is comparable with those estimated by Mahendiran et al [14] and Ji et al [15].

3. Results and discussion

3.1. High temperature (T > θD/2) hopping conduction

Figure 1 represents the thermal variation of resistivity of La1−xPbxMnO3 with x = 0.0
(figure 1(a) showing no SMT), and x = 0.05, 0.1 and 0.5 (figure 1(b) showing
SMT) in the absence and in the presence of a magnetic field (maximum field 1.5 T).
All the Pb-doped La1−xPbxMnO3 samples underwent metal–insulator transitions showing
peak temperatures (Tp) between 230 and 275 K (table 1). Negative magnetoresistance
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Figure 1. Thermal variation of resistivity (ρ) of La1−xPbxMnO3 samples with (a) x = 0.0 at zero
magnetic field and (b) x = 0.05, 0.1 and 0.5 at zero and 1.5 T magnetic field. Solid lines are guides
for the eyes.

is observed, as usual, for all the Pb-doped samples of our present investigation
as shown in figure 2 for a typical sample La0.9Pb0.1MnO3. In figure 3, the non-
linear variation of log σ dc versus inverse temperature curve (for T > Tp) indicates
temperature-dependent activation energy, which is a characteristic of small-polaron hopping
conduction [33, 34]. Such a consistent thermal behaviour of the undoped and Pb-
doped semiconductors (above SMT) cannot be explained by the grain boundary effect,
which is primarily effective in the low temperature metallic regime [35]. Therefore, the
polaron hopping conduction mechanism appears to be applicable in the high temperature
(T > Tp) region (as discussed below in detail). As the temperature is increased above
Tp, there is a deviation from linearity (figure 3). The temperature at which the slope in
the high temperature range changes from linearity is considered to be θD/2 (where θD is
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Table 1. Some important parameters of the La1−xPbxMnO3 system showing metal–insulator
transitions (values within the brackets indicate maximum errors).

Tp Density W θD γ ph (= kBθD/h) N

x (K) C (gm cm−3) (eV) (K) (×10−13 Hz) (cm−3)

0.0 0.89 4.016 0.150 470 .59 0.981 5.15 × 1021

(±0.05) (±0.005) (±2.0)

0.05 252.5 0.88 4.054 0.132 563.38 1.166 7.29 × 1021

(±0.5) (±0.05) (±0.005) (±2.0)

0.1 275.0 0.83 4.095 0.056 564.97 1.169 5.34 × 1021

(±0.5) (±0.05) (±0.005) (±2.0)

0.5 230.0 0.59 5.669 0.013 527.71 1.092 9.43 × 1021

(±0.5) (±0.05) (±0.005) (±2.0)
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Figure 2. Thermal variation of magnetoresistance of a typical sample La0.9Pb0.1MnO3 at different
magnetic fields showing negative magnetoresistance. Solid lines are guides for the eyes.

the characteristic Debye temperature) [12]. The linear semiconducting part of the samples
(for T > θD/2) is well explained by Mott’s small-polaron hopping model [12] (equation (1b)).
The expression for the high temperature (T > θD/2) dc conductivity (σ dc) as given by Mott
can be written as

σdc = σ0[exp(−W/kBT )]. (1b)

A similar equation was also used earlier [1, 5, 6, 17] to fit the conductivity data of rare-earth
manganates or other mixed-valence granular semiconducting oxides such as LaFexNi1−xO3
[28], La1−xSrx(Mn,Co)O3 [36], etc with W as the activation energy. According to the small-
polaron hopping model of Mott [12], σ0 = [νphNe2R2C(1 − C)] exp(−2Rα)/kBT , kB is



9494 A Banerjee et al

3 6 9 12

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5 (a)

333.3 166.7 111.1 83.3

T ( K )

x : 0.0

lo
g 

σ dc
( 

S
/c

m
 )

1000/ T -1( K )

3.0 3.6 4.2 4.8

-1.00

-0.75

-0.50

-0.25

0.00

( b )

333.3 277.8 238.1 208.3

T ( K ) 

x : 0.05 
x : 0.1
x : 0.5lo

g 
σ dc

( 
S

/c
m

 )

1000 / T ( K
-1
) 

Figure 3. Variation of log σdc as a function of inverse temperature 1000/T above the respective
SMT temperature Tp for (a) LaMnO3 and (b) La1−xPbxMnO3 with x = 0.05, 0.1 and 0.5 (shown
for T > Tp). The solid lines give the best fit to Mott’s equation (1) at higher temperatures
(T > θD/2).

the Boltzmann constant and T is the absolute temperature. N, νph, α and R are, respectively,
the number of transition metal (Mn) ions per unit volume (obtained from the density data as
shown in table 1), the phonon frequency, tunnelling probability and average hopping distance
(Mn–O–Mn). The ion–ion separation greatly influences the conduction mechanism [18].
When the overlap integral J0 exp(−2Rα) approaches J0, the hopping is adiabatic (α ∼ 0)
and the semiconducting behaviour is then controlled mainly by the activation energy. Hence
σdc ∼ σ0 exp(−W/kBT ), otherwise the hopping conduction mechanism is non-adiabatic
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(α �= 0). Equation (1b) can explain the semiconducting behaviour of all the samples in the
high temperature range (T > θD/2). The values of W and θD (table 1) for the present samples
estimated from the experimental conductivity data (figure 3) are used to fit equation (1b). The
activation energy W , which is found to be larger for the undoped LaMnO3 sample (table 1)
and decreases with increasing Pb concentration, plays an important role in the conduction
mechanism in this high temperature region. For the undoped LaMnO3, the Debye temperature
(θD) is smaller (table 1) than those of the Pb-doped samples. The activation energy (W )
for the hopping conduction can be written as [34], W = WH + WD/2 (for T > θD/2) and
W = WD (for T < θD/4), where WH is the polaron hopping energy, WD is the disorder energy
(can be estimated independently from the Schnakenberg model [25] discussed below). The
hopping energy WH is calculated from the relation [12]

WH = e2

4εp
(1/rp − 1/R) (2)

where εp = (1/εs − 1/ε∞). ε∞ and εs are the high frequency and static dielectric constants
of the samples. The values of εp obtained from the dielectric constant data (unpublished)
of the Pb-doped and undoped samples vary from 5 to 20 (shown in table 2) and they are
almost constant within the semiconducting temperature range between Tp and 330 K of our
measurements. The polaron radius rp is estimated [37] from the knowledge of N (table 1)
using the relation rp = (1/2)[π/6N]1/3. In the present Pb-doped system, rp (table 2) is found
to vary between 1.90 and 2.33 Å (depending on the Pb concentration), which is much smaller
than R (varying between ∼4 and 5 Å as shown in table 2). This apparently suggests that
the polarons are indeed small polarons and they are localized in the Mn sites. The values
of WH calculated from equation (2) (using rp and εp from table 2) are also given in table 2.
For the stoichiometric LaMnO3 system with larger rp value, compared to the corresponding
Pb-doped samples, no SMT transition was observed. A good fit (solid line in figure 3) to the
high temperature (T > θD/2) experimental conductivity data of all the samples (doped and
undoped) with equation (1) indicates that the conduction of charge carriers is mainly
governed by the small-polaron hopping mechanism. Recently, transport measurements on
La1−xCaxMnO3+δ oxides by Hundley et al [6] have also confirmed the adiabatic small-polaron
hopping mechanism in these type of oxides which supports our finding. In fact, the small-
polaron transport mechanism was also applied by Wang et al [24] to explain dc conductivity of
Zn-doped Fe1−xZnxCr2S4 system showing colossal magnetoresistance. Although earlier,
the entire experimental dc conductivity data above SMT temperature were fitted [5, 13, 19]
with the VRH model, it is considered to be neither strictly realistic nor necessary. It is
found that the high temperature data (for T > θD/2) of all the samples are well fitted

Table 2. Activation energy (W ), hopping energy (WH), dielectric constant (εp)a, polaron
band width J and other fitting parameters obtained from fitting the DC conductivity data of
La1−xPbxMnO3 (x = 0.0, 0.05, 0.1 and 0.5) oxides with different theoretical equations as discussed
in the text.

WH (eV)

x (from equation (2)) rp (Å) R (Å) εp J (eV)

0.0 0.184 2.334 5.792 4.85 ± 0.02 0.021
0.05 0.052 2.077 5.155 5.75 ± 0.02 0.084
0.1 0.049 2.306 5.723 11.51 ± 0.02 0.096
0.5 0.196 1.908 4.733 18.49 ± 0.02 0.211

a Measured by the impedance analyser (HP Model 4192).
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with equation (1). Similarly, the corresponding low temperature data (for T < θD/2)
can also be fitted well with the VRH model (as discussed below). As mentioned above,
equation (1b) fits the high temperature (above T > θD/2) conductivity (σ dc) data of
LaMnO3 with α = 2.5 nm−1 (using the values of R from table 1). The non-zero
value of α and hence exp(2αR) indicates that in this high temperature region the non-
adiabatic hopping conduction mechanism is followed by this sample. On the other
hand, the corresponding high temperature σ dc data of all the Pb-doped samples showing
SMT fit equation (1), with exp(2αR) = 1 (or α = 0), which indicates that above
T > θD/2 the adiabatic hopping conduction mechanism is valid for these Pb-doped samples
showing SMT. The theoretical fitting curves are shown by the continuous lines in figures 3(a)
and (b) (high temperature T > θD/2 part only). Here it should be mentioned that it is
rather difficult to uniquely identify the type of small-polaron hopping conduction mechanism,
adiabatic or non-adiabatic, if only the temperature dependence of conductivity is used, because
the conductivity subject to the adiabatic small-polaron conduction also satisfies the temperature
dependence of non-adiabatic hopping conduction [38, 39]. So other supporting methods are to
be used to confirm the nature of hopping conduction in this system (to be discussed). Before
doing this, we first attempt to apply the VRH model to fit the low temperature (T < θD/2)
conductivity data of the samples.

3.2. Low temperature (T < θD/2) VRH model

In the three-dimensional cases, conductivity following the VRH mechanism is predicted from
the following relation [12, 33]:

σdc = σ0 exp
[
−(T0/T )1/4

]
(3)

where T0 is a constant [=16 α3/kB N(EF)] and N(EF ) is the density of states at the Fermi level,
which can be calculated from the slope of the plot of logσ dc versus T −1/4 curves (shown in
figures 4(a) and (b), for all the samples. Interestingly, it is observed from figure 4 that the
temperature-dependent conductivity of semiconducting LaMnO3 without showing SMT can
be divided into three linear regions (low, intermediate and high temperature regions). This
indicates a change of conduction mechanism with change of temperature. The corresponding
change of slope of the curves of the Pb-doped samples above SMT, however, showed only two
such linear regions (high and low temperature parts above the SMT temperature). The best fit
to the low temperature data (solid line below θD/2 in figure 4(a)) of LaMnO3 occurs with T0 ∼
106 K and χ2 ∼ 2.71–2.83 (for different slopes, where χ2 is the weighted sum of the squared
deviations). The values of N(EF) obtained for the two low temperature slopes of LaMnO3 are,
respectively, 3.348 × 1020 and 2.076 × 1022 eV−1 cm−3. These values of N(EF) are higher
than those of the usual oxide semiconductors which vary from 1017 to 1019 eV −1 cm−3.
For the estimation of N(EF), we used as before α = 2.5 nm−1 obtained from fitting the
conductivity data with equation (1). For the Pb-doped samples, as mentioned above, there is
only one slope for each of the samples below θD/2 where the VRH model is found applicable.
The solid lines (below θD/2) in figures 4(b) and (c) indicate the best-fit curve with equation (3).
Using the same value of α = 2.5 nm−1, the values of N(EF) were also calculated for all
the Pb-doped samples. These values of N(EF) are found to be of the order of 1021 and
1022 eV−1 cm−3. Such a high value of N(EF) also indicates adiabatic hopping conduction
in the low temperature region, which will be clear from the subsequent discussion. Here we
should mention that using the VRH model Viret et al [13] also estimated α = 2.22 nm−1 for the
La–Sr–Mn–O system showing SMT. The values of N(EF) estimated for the present Pb-doped
samples also agree with that (∼1022 eV−1 cm−3) estimated by Viret et al [13]. It is noted
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that the low temperature values of N(EF) of the Pb-doped samples showing SMT are similar
in magnitude to the corresponding low temperature values of the undoped LaMnO3 sample
(shown in figure 4(a)). Thus it is clear that the VRH model is valid for all the samples in the
low temperature region (<θD/2) with higher values of N(EF) compared to those of the usual
semiconducting samples. This is because of the higher conductivity of the present samples
from that of the usual oxide semiconductor following the small-polaron hopping mechanism.

3.3. VRH model at high temperature

Transport properties in many mixed-valence polycrystalline semiconducting oxides like
LaFexNi1−xO3 [22], LaCuO4 [29], etc have been described by VRH of charge carriers. But
the temperature range over which the hopping model is satisfied is found to be different for
different materials. Recently, Jaime et al [5], Viret et al [13] and Crespi et al [19] also applied
the VRH conduction mechanism, respectively, for similar types of samples, namely Nd1−x (Sr,
Pb)xMnO3, La0.8Ca0.2MnO3, for the entire range of temperature above SMT, i.e. above 200 K.
But it has already been shown above that the VRH model (equation (3)) well fits the low
temperature conductivity data of all the samples and one need not fit the high temperature
data with the VRH model. The validity of the VRH model for the present system for such
a high temperature range (>Tp) should, therefore, be clarified. It has been shown [40] that
depending on the strength of the Coulomb interaction, the expression for the density of states
at the Fermi level is modified and the VRH model may be applied even at higher temperature
(∼300 K and above). In the following paragraph we have shown that the VRH model may
also be used for fitting the high temperature (T > θD/2) conductivity data, though this fitting
gives no new result and seems to be unnecessary.

It is seen from figure 4(a) that the high temperature (>180 K) conductivity data of
the insulating LaMnO3 sample can be described by a single straight line following the three-
dimensional VRH model (equation (3)). Similarly, for the Pb-doped samples showing SMT, the
three-dimensional VRH model is also applicable above θD/2. But the entire temperature range
of the curve (above SMT) for any of the samples (doped or undoped), cannot be fitted with the
same model parameters (being different for different samples) as the slope of the curve changes
with temperature (figure 4). This is in contrast to the reported results [5, 13, 19] where the VRH
model was used to fit the data above SMT. From this high temperature fitting of the conductivity
data with equation (3), an estimation of N(EF) has also been made. For the undoped
LaMnO3, using the same value of α = 2.5 nm−1, we have N(EF) ∼1.8 × 1019 eV −1 cm−3

(from equation (3)) which is, interestingly, comparable to those of many semiconducting
transition metal oxides [41]. It has been shown below that this value of N(EF) also suggests
non-adiabatic hopping conduction in LaMnO3 in the high temperature region as that obtained
from equation (1b). The high temperature conductivity data of the Pb-doped samples are fitted
with equation (3) as shown by the solid line in figures 4(b) and (c). To estimate N(EF) for these
Pb-doped samples in the high temperature range, the same value of α ∼ 2.5 nm−1 is again
used which yields N(EF) ∼ 1020−1021 eV −1 cm−3, depending on Pb concentrations (figure 4).
It has already been mentioned that Viret et al [13] also estimated similar values of α and N(EF)
for the manganate samples. Thus, from fitting of the high temperature conductivity data
(>θD/2) with the VRH model, the value of N(EF) for the present Pb-doped sample showing
SMT comes out to be more than two orders of magnitude higher than that of LaMnO3 showing
no SMT. Such a high value of N(EF) for the Pb-doped samples also indicates an adiabatic
hopping conduction mechanism (discussed below) in the high temperature region (T > θD/2)
supporting the result obtained from equation (1).
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3.4. Nature of hopping conduction

We have now three sets of values of N(EF) estimated for LaMnO3 for three different temperature
ranges (high, intermediate and low as shown in figure 4(a)) and two sets of corresponding values
for the Pb-doped samples in the two temperature ranges ( high and low as shown in figure 4(b)
and (c)). Knowing these values of N(EF) one can find the nature of the hopping conduction
and how the hopping mechanism changes in the samples from Holstein’s condition [11].
According to this condition, the polaron bandwidth J should satisfy the inequality J > φ (for
adiabatic hopping conduction) and J < φ (for non-adiabatic hopping conduction) where

φ = (2kBTWH/π)1/4(hνph/π)1/2. (4)

Using the values of WH from table 1, the values of φ are calculated from the right hand of
equation (4) as shown in table 3 (for the high temperature region of conductivity data). The
values of J are also calculated independently from the model proposed by Mott and Davis
[12], namely J ∼ e3[N(EF)/ε

3
p]1/2. Taking the values of N(EF) and εp from tables 2 and 3,

the estimated J values are also listed in table 3. Now comparing these J values with those
of φ, it is observed that only for the LaMnO3 system without SMT, is J < φ (non-adiabatic
hopping condition) strictly satisfied in the high temperature (T > θD/2) range. But in the
low and intermediate temperature range with large values of N(EF), LaMnO3 also follows the
adiabatic hopping mechanism. Thus, in the undoped LaMnO3 sample we notice a change
of conduction mechanism from non-adiabatic (high temperature range) to adiabatic (low and
intermediate temperature ranges). On the other hand, for all the doped samples showing SMT,
the adiabatic hopping condition (J > φ) is satisfied throughout the range of temperature (high
and low). This is in agreement with our earlier observation from fitting of the conductivity
data of the samples with equation (1). Thus, a change-over from the non-adiabatic to the
adiabatic hopping conduction mechanism occurs with Pb doping in the LaMnO3 samples
(or with increase of Mn4+ concentration in the rare-earth manganates). It is to be noted that
the N(EF) value of LaMnO3 increases as the temperature decreases and in the low temperature
region (T < θD/2), the N(EF) value of this sample is almost equal in magnitude with those of
the low temperature values of the Pb-doped samples.

Table 3. Different parameters obtained by fitting DC conductvity data of the La1−xPbxMnO3
system with different theoretical models discussed in the text. WH and WD are obtained from
fitting with Schnakenberg’s model (equation (5)).

WH WD J φ N(EF) (eV−1 cm−3)

x (eV) (eV) (eV) (eV) (α = 0.25 Å−1) for T > θD/2

0.0 0.190 0.090 0.022 0.026 1.868 × 1019

0.1 0.081 0.051 0.024 0.023 2.830 × 1020

0.5 0.061 0.020 0.065 0.021 8.790 × 1021

Another test of the adiabatic hopping conduction in the present La–Pb–Mn–O system
(for T > θD/2) is made from the independent calculations of the hopping energy WH from
the theory of Schnakenberg [25] who showed that in the scenario of T > θD/2, the main
contribution to σ dc above the metal–insulator transition (insulating phase) comes from the
phonon-assisted conductivity. The high temperature conductivity in this model is given by

σdc = σ0T
−1[sinh(hνphβ)]1/2 exp[−(4WH/hνph)[tanh(hνphβ/4)] exp[−WDβ]. (5)

The experimental conductivity data of all the samples have also been fitted to the Schnakenberg
model [25] (equation (5)) and the best-fit parameters, WH and WD, are listed in table 3. The
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Figure 5. Plot of log(σdcT ) versus 1000/T for (a) La1−xPbxMnO3 system above SMT and
θD/2 with x = 0 and (b) x = 0.05, 0.1 and 0.5. The solid line corresponds to the best fit with
Schnakenberg’s model (equation (5)).

same values of phonon frequency shown in table 1 were used in this fitting. The values of
WH and WD are consistent with those of semiconducting oxides. In figure 5, log(σdcT )

has been plotted as a function of 1000/T for the undoped (x = 0) and doped samples
(x = 0.05, 0.1 and 0.5), for high temperature T > θD/2 only. The theoretical best-fit curve
is shown by the straight line. Using these values of WH, φ is estimated (from equation (4)),
which is found to vary from 0.024 to 0.0188 eV for the Pb-doped La1−xPbxMnO3 system
(x = 0.1–0.5), and hence smaller than the corresponding J values of the samples shown in
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table 3. Again, the adiabatic hopping conduction mechanism is confirmed valid for the Pb-
doped samples showing metal–insulator transition transitions. On the other hand, for the un-
doped LaMnO3, the corresponding estimated value of φ is ∼0.037 eV, which is larger than the
J value (∼0.021 eV shown in table 3) and hence supports non-adiabatic hopping conduction
in LaMnO3 showing no SMT (for T > θD/2).

Non-adiabatic small-polaron hopping conduction in the undoped LaMnO3 oxide is also
supported from the small-polaron hopping model proposed by Emin and Holstein [11]. It
may be noted that a small polaron is formed when the electron–phonon interaction is strong
enough [11]. Following Holstein [11], Gorham-Bergeron and Emin [42], the dc conductivity
for the non-adiabatic hopping of small polarons in the high temperature range (T > θD/2) can
be written as

σdc = (Ne2R2/6kBT )(J/h)2
[
(π/h2)

/
2

(
E

op
c +Eac

c

)
kBT

]1/2
exp

[
W 2

D

/
8

(
E

op
c +Eac

c

)
kBT

]

× exp[−WD/2kBT ] exp
[−E

op
A

/
kBT − Eac

A

/
kBT

]
(6)

where

E
op
c = E

op
b (1/Np)

∑
[hνo,q/2kBT ] cosech(hνo,q/2kBT )

Eac
c = Eac

b (1/Np)
∑

[hνa,q/2kBT ] cosech(hνa,q/2kBT )

E
op
A = E

op
b (1/Np)

∑
[hνo,q/2kBT ] tanh(hνo,q/2kBT )

Eac
A = Eac

b (1/Np)
∑

[hνa,q/2kBT ] tanh(hνa,q/2kBT ).

νo,q and νa,q are the optical and acoustical phonon frequencies, respectively, at wave vector q.
Np is the number of phonon modes, Eop

b and Eac
b are the polaron binding energies related to

optical and acoustical phonons, respectively. Equation (6) has been utilized in calculating
the non-adiabatic dc conductivity of the LaMnO3 system, assuming that the acoustic phonon
density of states is approximately given by g(ω) ∝ ω2 and that the mean optical phonon
frequency, νph, is constant. Using the value of WD, from table 3, the high temperature
conductivity data of the undoped LaMnO3 can be fitted to equation (6) with parameters
Eac

c (eV)×102 = 3.9, Eop
c (eV)×102 = 3.9, Eac

a (eV)×102 = 7.50 andEac
a (eV)×102 = 7.50.

This again supports the non-adiabatic hopping conduction mechanism as valid for this sample.
Similar calculations can also be extended to show the adiabatic hopping conduction mechanism
followed by the corresponding Pb-doped system.

3.5. Thermoelectric power

The SMT is also well reflected from the thermoelectric power measurements since the
contribution of the carriers to the TEP depends directly on the fractional concentration of
holes/electrons in polaronic system [5, 6, 19]. Figure 6(a) shows the temperature variation
of TEP between 300 and 80 K of a typical La1−xPbxMnO3 system with x = 0.1 exhibiting
metal–insulator transitions. Detailed discussion on the concentration (Pb)-dependent TEP
of these Pb-doped samples has recently been reported by Mandal [16]. He, however, did
not report the TEP data of the sample with x = 0.1 and the magnetic field dependence of
thermopower. Polaron hopping conduction is also supported from the temperature-dependent
Seebeck coefficient data. According to the small-polaron theory [6, 43, 44], the Seebeck
coefficient can also be written as

S(T ) = (kB/e)[ηe + We/kBT ] (7)

where ηe is a sample-dependent constant and We is the energy difference between identical
lattice distortion. The thermal variation of TEP data of the sample both in the presence and
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Figure 6. Variation of thermopower S(T) of La1−xPbxMnO3 (with x = 0.1) as a function of
temperature (a) and as a function of inverse temperature (b) both in the presence and the absence
of a magnetic field. Appreciable field dependence is observed around the SMT temperature.

absence of a magnetic field is shown in figure 6(a) exhibiting a giant peak around the SMT
temperature. The linear part of the TEP data of this curve (solid line in figure 6(b)) above
SMT was fitted with equation (7). The observed significant difference (also observed by others
[3, 5, 19]) between the activation energy obtained from the conductivity data (W = 56 meV)

and TEP data (Ws = 4.36 meV) is a characteristic of the small polaron [3, 5, 19, 44, 45]. Very
little work has been done on the magnetic field dependent thermoelectric power [45]. Field
dependence of TEP data indicates local ordering of the magnetic moments around the SMT
transition region (fluctuating region) as shown in figure 6(a). The field dependence of the
Seebeck coefficient, which is quite large around SMT (figure 6(a)), is an indication of the
importance of spin-ordering and its contribution to the transport mechanism, which has not
been well analysed. We also estimated the field dependence of Ws (Ws = 1.7 meV) for this
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sample, which is smaller than the corresponding field independent value (Ws = 4.36 meV).
It is also noted (not discussed in this paper) that the low temperature conductivity data (below
SMT) in the metallic region (linear part of the curve in figures 1(b) and 2) can be fitted with
an equation of the form ρ(T < Tp) = ρ0 + T 2.5, where ρ0 is the temperature-independent
resistivity due to grain boundary and the presence of the temperature-dependent part indicates
the importance of electron–magnon interaction [46].

4. Conclusion

In conclusion, temperature-dependent (330–80 K) electrical conductivity and thermopower
(TEP) measurements of the Pb-doped La1−xPbxMnO3 (x = 0.1–0.5) system have revealed
metal–insulator transitions between 230 and 275 K. The high temperature conductivity data
can be successfully fitted with the polaron-hopping conduction theory like that of usual oxide
semiconductors. Interesting changes in the conduction mechanism have been observed in the
temperature range between SMT and 330 K. For the undoped LaMnO3 system (x = 0), this
temperature range can be divided into three parts (high, intermediate and low) while for the
doped samples there are only high and low temperature parts. The LaMnO3 sample without
showing SMT is found to follow the non-adiabatic hopping conduction in the high temperature
range (T > θD/2) and adiabatic hopping conduction mechanism in the low temperature
(T < θD/2) phase, while the Pb-doped La–Pb–Mn–O system showing SMT is found to follow
the adiabatic hopping conduction mechanism for the entire temperature region (above SMT).
Therefore, a change-over from the non-adiabatic to the adiabatic conduction regime occurs in
the LaMnO3 system caused by partially replacing La by Pb or other atoms (Ca, Br, Sr, etc).
High temperature (T > θD/2) conductivity data support the small-polaron hopping mechanism
of Mott while variable range hopping conduction is followed by all the samples (doped or
undoped) in the low temperature (Tp < T < θD/2) region. The entire range of conductivity data
above SMT cannot be fitted with the VRH model using the same value of N(EF). For the Pb-
doped samples showing SMT, N(EF) is about two orders of magnitude higher than that of the
undoped LaMnO3 in the high temperature regime. In the low temperature regime N(EF) values
are almost equal for all the samples (i.e., low temperature region near the SMT). The Seebeck
coefficient of the Pb-doped La1−xPbxMnO3 (with x = 0.1) also supports the small-polaron
hopping transport mechanism and showed appreciable magnetic field dependence near SMT.
This suggests the importance of spin-ordering in the transport mechanism in these magnetic
semiconductors which needs further investigation.
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