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We report measurements of the thermopower of the single-crystal manganite perovskite
Nd 12x ~Sr,Pb! x MnO 32 d from 4.2 to 350 K at zero and finite magnetic field. The sign and magnitude of the
thermopower above the magnetic transition are doping dependent. The magnitude of the thermopower drops
sharply below the transition to the magnetically ordered state. At lower temperatures the thermopower changes
sign from negative to positive with decreasing temperature in the range 100–150 K. Implications for the
temperature-dependent electronic structure and scattering processes in this temperature range are discussed.
The high-temperature behavior is interpreted within a lattice polaron model. Further analysis suggests a form
of variable-range hopping conduction at high temperatures. @S0163-1829~96!03121-9#

Manganites of the general form R 12x A x MnO 3 (R5rare
earth or related species, A5alkaline earth or lead! at doping
levels x'0.220.6 often exhibit a large magnetoresistance
associated with a metal-insulator transition at temperature
T MI which can vary from ;30 to above 300 K. While the
resistivity, magnetization, and magnetoresistivity of these
materials have been studied extensively,1–16 the temperaturedependent thermoelectric power near the magnetic transition
has not yet been reported. We report measurements of the
thermopower S(T) at zero and applied magnetic field from
4.2 to 350 K in the manganites Nd 12x ~Sr,Pb! x MnO 32 d at
two distinct doping levels. The thermopower S(T) provides
a useful probe of the transport processes in these interesting
and potentially technologically useful materials. In the lowtemperature metallic phase the thermopower is related to
changes in electronic structure and scattering processes with
variations in temperature, doping and magnetization. In the
insulating phase the temperature-dependent thermopower
can provide information on the energy dependence of the
parameters governing the high-temperature charge transport.
Single-crystal Nd 12x ~Sr,Pb! x MnO 32 d samples were synthesized following the techniques of ~Refs. 12 and 17!.
Samples from the synthesis batches used in this study were
characterized by x-ray diffraction, scanning electron microscopy, energy dispersive x-ray spectroscopy ~EDX!, magnetization, and resistivity measurements.13 Magnetization measurements confirmed the close association between the
transition to the low-temperature ferromagnetic phase and
the abrupt drop on the resistivity. X-ray diffraction along the
~100! axis of one crystal revealed narrow cubic diffraction
peaks with an extremely low background. EDX measurements on several locations of sample 1 yielded a uniform
stochiometry of Nd 0.57Pb 0.39MnO 32 d . EDX measurements
on a crystal from the same synthesis batch as samples
2 and 3 yielded a uniform stochiometry of
Nd0.5~Sr0.36Pb0.14!MnO32d.14 A higher 21 cation doping
level of samples 2 and 3 relative to sample 1 is consistent
with the substantially lower resistivities of samples 2 and 3,
as will be discussed later.
For the present study a heat current was applied through
the long axis of the parallelopiped crystals of typical dimen0163-1829/96/53~21!/14303~6!/$10.00
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sions 0.130.331.0 mm. Thermocouple leads and voltage
leads were attached on opposite sides of the largest crystal
faces. During temperature sweeps the sample temperature
was controlled to within 620 mK of target temperatures and
DT was varied between 0 and roughly 0.5 K at a rate of
0.001 Hz.
Figures 1, 2, and 3 show the temperature-dependent thermopower and resistivity for three samples at 0 and 5 ~or 6! T.
The samples are numbered in order of decreasing resistivity

FIG. 1. Temperature dependence of the resistivity and thermopower of sample 1 at zero field and 5 T. The inset shows the
linearity of the logarithm resistivity versus inverse temperature to
the one-fourth.
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magnitude of the peak thermopower.
Finally, the temperature dependence of the thermopower
above the transition is sample dependent even for small differences in doping. Samples 2 and 3, with very similar forms
for S(T) below T MI , have different temperature dependent
high temperatures. Sample 2 has a sharp peak in S near
T MI , whereas the thermopower for sample 3 is roughly temperature independent above the magnetic transition.
We first analyze the nearly sample-independent lowtemperature thermopower. The uniform behavior at low temperatures is interesting in light of the pronounced differences
between samples in the thermopower near and above T MI . If
the transport is dominated by carriers in the vicinity of the
Fermi energy and we neglect spin-dependent contributions,
then the thermopower can be written in terms of the energy
derivative of the conductivity,
S5

FIG. 2. Temperature dependence of the resistivity and thermopower of sample 2 at zero field and 6 T.

at 300 K, a temperature comfortably above the resistive transition. Since resistivity decreases with increasing 21 cation
concentration, this sequence is also the order of increasing
hole doping.18 The lower resistive transition temperature
T MI of sample 1 is consistent with a substantially lower doping level.11,16 We note that the difference in resistivity between samples 2 and 3 is slight, so that the relative doping
levels of these two samples is less certain.
Figure 4 shows the field-dependent thermopower for
sample 3 at three different temperatures around the transition. Below ~above! the transition, the thermopower increases ~decreases! with increasing field, consistent with a
shift of the thermopower peak to higher temperatures. The
field dependence of the resistivity shown in the upper portion
of Fig. 4 is similar to that seen previously in many polycrystalline samples.
Certain reproducible features can be discerned in the data
for the temperature-dependent thermopower. The lowtemperature thermoelectric power is positive for all materials, changing sign around 100–150 K. Near the resistive
transition temperature T MI the thermopower collapses from
large values (;102100 m V/K) at higher temperatures to
lower values (;1 m V/K) more characteristic of metallic
conduction. Application of a magnetic-field shifts, depresses
and broadens the thermopower of all samples in a manner
reminiscent of the changes in resistivity under the same field.
Other features appear to be doping dependent. For
samples 2 and 3 the peak thermopower is negative with magnitude ;9 m V/K. For the lower-doped sample 1 the peak
thermopower is positive with magnitude ;70 m V/K. These
results suggest that the doping level determines the sign and
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with k Boltzmann’s constant and e the charge of an electron
(e,0). For cubic metallic systems s (E) is determined by
the integral over isoenergetic surfaces of the product of the
scattering time and the Fermi velocity.
In the low-temperature spin-ordered state a local-spindensity approximation calculation yields a nearly halfmetallic band structure, with a high density of states in the
partially filled Mn-derived lower energy majority-spin bands
and a low density of states in the narrower minority-spin
bands.19 The relatively large bandwidth of the dominant
spin-majority bands suggests a weak energy dependence to
the conductivity, a result consistent with the small absolute
magnitude of thermopower at low temperatures. Below 100–
150 K the thermopower for both samples is positive, implying that the product of Fermi velocity and scattering time
tends to decrease with increasing energy. We tentatively conclude that conduction for S.0 at low temperatures is primarily holelike. The sign change near 100–150 K motivates a
more detailed discussion of the band structure. Treating the
doping as an ordered supercell of 21 and 31 ions, the positions of the different Mn-derived conduction bands depends on the local concentration of 21 and 31 ions, with
bands primarily deriving from Mn atoms near 31 ions having lower energy than bands deriving from Mn atoms near
21 atoms. Qualitatively, for a cation superlattice, one obtains a ‘‘ladder’’ of energy bands offset in energy relative to
each other, each filled with carriers to differing degrees.19
The positions of the band minima in this ladder apportion
between the G point and the edge of the zone depending on
the periodicity of the supercell. Cation disorder can then be
thought of as introducing an impurity scattering potential
which randomly displaces the dopants from their supercell
positions and broadens the bands. The energy dependence of
interband scattering for such a ladder of offset bands yields a
nonmonotonic energy dependence for the conductivity, making it plausible for temperature-dependent anisotropy in the
scattering time and thermal broadening of the Fermi surface
to induce sign changes in the thermopower. The similarity in
the temperature of the sign change for samples at different
doping levels is surprising.20 The sensitivity of the lowtemperature thermopower to the band structure and interband
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FIG. 3. Temperature dependence of the resistivity and thermopower of sample 3 at zero field and 5 T.

FIG. 4. Magnetic-field dependence of the resistivity and thermopower for sample 3.

scattering may provide a stringent test for detailed
electronic-structure calculations.
As the temperature approaches T MI from below the Mnderived spin-majority and spin-minority bands fuse into a
single disorder-broadened partially filled manifold of electronic states. The pronounced temperature dependence of the
electronic structure is consistent with the strong temperature
dependence of S just below T MI . Further discussion of the
high-temperature thermopower is predicated upon knowledge of the high-temperature conduction process.
Insight into the high-temperature conduction can perhaps
be gained by noting that the related lightly doped manganite
La 0.83Sr 0.17MnO 3 undergoes a magnetically driven transition
between orthorhombic and rhombohedral structures.21 Since
the double-exchange model22–24 implies that magnetic transitions in this material are closely associated with changes in
electronic structure, this exceptional magnetostructural coupling suggests a strong coupling between electronic and lattice degrees of freedom. At higher doping levels, when
screening is more important, the coupling matrix elements
may not be sufficient to induce a structural phase transition
but may be large enough to induce local lattice distortions
and consequent polaron formation in the spin-disordered
high-temperature phase. Alternatively, cation disorder may
be sufficient to induce Anderson localization in the spindisordered phase, an idea proposed by Pickett and Singh.19
For concreteness, we concentrate upon the polaron model
and later discuss the relationship to other mechanisms for
charge localization.
Within a double-exchange lattice polaron picture, the
presence of spin disorder above T MI reduces the Fermi velocity sufficiently that the lattice distorts around conduction

electrons and produces small polarons.13,14,25 Equation 1 for
the thermopower is valid whether the transport is via metallic
conduction or hopping.28 If the conduction in the hightemperature phase proceeds via hopping of polarons with
s ; s 0 e 2E a /T , 29 we obtain for the thermopower
S5
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with E a the hopping barrier. Spin disorder and cation disorder induce a random distribution of hopping barriers about
the characteristic value, an effect which we neglect for the
moment. The Einstein relation implies that the prefactor s 0
is proportional to the density of states at the Fermi level.28
Two terms then contribute to the thermopower: the energy
dependence of the density of states and the energy dependence of the hopping barrier.30
To proceed further we require knowledge of the energy
dependence of the electronic structure. Qualitatively, doping
with 21 cations gradually empties the Mn-derived bands at
the Fermi level. From a supercell-plus-disorder point of
view, at a given doping level above half emptying (x less
than roughly 0.5! many different bands in the ‘‘ladder’’
are each partially filled, yielding a multisheeted Fermi
surface with an average Fermi velocity which increases
with increasing 21 cation concentration. Although the
transition temperature as a function of doping for
Nd 12x ~Sr,Pb! x MnO 32 d has not yet been mapped out, it is
expected to be similar to that of La 12x Ca x MnO 32 d but
shifted to higher values of 21 doping since Nd is smaller
than Ca.10 The concentration of maximal T MI corresponds to
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the concentration at which the posited polaronic phase is
least stable relative to the low-temperature metallic phase.
Since the lower temperature magnetic phase is stabilized by
electronic hopping,14 whereas a polaronic ~or other localized!
phase is favored for lower Fermi velocity, we identify the
concentration of maximal T MI with the concentration of
maximal bare Fermi velocity.31 Although a rigid band model
is not strictly accurate, the doping dependence of the density
of states and bare Fermi velocity should provide a rough
guide to the energy dependence of these band parameters
above T MI . For doping levels above optimal, the Fermi velocity and density of states increase with increasing energy.
For 21 concentrations below that of the highest T MI , the
Fermi velocity and density of states decrease with increasing
energy. For doping levels x'x c with maximal T MI , N(E)
and the bare v F are weak functions of E.
We now use this information to deduce the energy dependences of s 0 and E a and thereby account for the qualitative
features of the high-temperature thermopower. The term in
the thermopower proportional to d s 0 /dE is proportional to
dN(0)/dE. This contribution to S tends to be positive for
x,x c and negative for x.x c and is weakly temperature dependent. The activation energy E a is most strongly energy
dependent in the temperature range in which the polarons are
on the edge of unbinding. At higher temperatures the activation energy is more weakly energy dependent. Well below
the transition the magnetization is nearly constant and the
activation energy is small (E a ,,kT MI). In the intermediate
region the activation energy is a sensitive function of the
Fermi velocity, with higher Fermi velocity implying smaller
activation energy. Therefore, for x,x c we obtain
dE a /dE.0 and this contribution to the thermopower is
positive. For x.x c the hopping barrier decreases with increasing energy, so the contribution to the thermopower from
the energy dependence of the hopping barrier is negative.
For doping levels significantly below x c the hopping barrier term contributes a large positive peak in S(T) near and
above T MI , while the density of states term yields a significant, more nearly temperature-independent positive contribution above T MI . This situation is instantiated by sample 1,
with a moderate temperature dependence above T MI due to
the energy dependence of both N(0) and E a , and a swift
decrease of the thermopower below T MI due to the abrupt
decrease ~and strong energy dependence! in E a . The large
absolute value of the thermopower is consistent with suboptimal doping.
For doping levels yielding maximum T MI the density of
states and Fermi velocity are weak functions of energy. We
expect that the hopping barrier term dominates the thermopower. For 21 cation concentrations slightly greater than
x c the thermopower should have a sharp negative peak near
T MI , similar to what is observed for sample 2. The small
absolute value of the thermopower relative to sample 1 is
consistent with the higher value of T MI in sample 2, since
higher T MI implies closer to optimal doping.32 The more
gradual temperature dependence of the high temperature
thermopower for sample 3 may arise from slightly offoptimal doping.
The preceding discussion began with the assumption that
the conduction is dominated by carriers near the Fermi en-
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ergy. Detailed analysis of the temperature dependence of the
thermopower above the transition provides information
about the conduction process and allows us to test this assumption. In a semiconductor where conduction occurs at
energies far from the Fermi level the conductivity varies as
;e 2E sc /kT and the thermopower varies roughly as
;E sc /kT, where E sc is the energy to excite carriers into
partially occupied band states. If an attempt to fit to these
functional forms for semiconductors yields substantially different values of E sc from the thermopower and the resistivity
in a given material, then the conduction in this family is
likely not semiconductorlike and charge transport is more
likely dominated by hopping of carriers near the Fermi energy. Sample 1 provides a wide enough temperature range to
allow determination of E sc from both the thermopower and
the conductivity. We obtain E thermopower;100 K and
E conductivity;1000 K, a clear counterexample to semiconductive behavior and an indication that conduction at high temperatures in these manganite materials procedes via hopping,
not semiconduction.
Further analysis sheds more light on the character of the
hopping process. The inset of Fig. 1 shows the logarithm of
the resistivity for sample 3 plotted against T 21/4. The plot is
linear from the highest temperature measured, 350 K, down
to the resistive transition at ;200 K, over nearly two decades in resistance. A similar plot for the data at H55 T is
linear in a more restricted range above the resistive transition
temperature, with fluctuations setting in near T MI . Interestingly, a similar analysis for samples 2 and 3 ~not shown!
does not yield any simple lns versus T n dependence. Although the standard variable-range-hopping model implies
S→0 as T→0, the previously discussed temperature evolution of the energy dependence of the electronic structure in
the manganites reconciles the observed temperature dependence of S in the high-temperature hopping phase with the
contrary expectations of the standard variable range hopping
model as T→0.
An alternative plot ~not shown! of lnr versus T 21/2 which
tests the Efros form for hopping with an exciton-induced
pseudogap at the Fermi level26 yields a sublinear relation
between lnr and T 21/2, as would be expected for substantial
thermal excitation across a hypothetical Coulomb
pseudogap. Estimating the crossover temperature T E below
which Efros hopping occurs, T E ;e 4 aN(0)/ e with a density
of states of N(0);2310218 cm 23 , 27 a hopping distance of
a;100 Å ~Ref. 27! and a dielectric constant of e ;10, we
obtain T E ;5 K!T MI;200 K. In the high-temperature
phase the sample is well above any crossover to lowtemperature Efros hopping behavior.
Variable-range hopping arises from the competition between the need for hopping sites to be close both in real
space and in on-site electronic energy. In three dimensions
the optimal hopping distance varies with temperature in such
21/4
a manner that r ;e aT . 28 Variable-range hopping applies
to disordered systems in which conduction proceeds by hopping between randomly located sites with a distribution of
allowed electronic energy levels. Both cation disorder19 and
local spin disorder in the high-temperature nonmagnetic
phase provide a near-random distribution in electronic onsite energies. The double-exchange lattice polaron model dif-
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fers from standard variable-range hopping in that the position occupied by a conduction electron is special, lowered by
E a from the random distribution of on-site energies on
nearby sites. Taking into account the energetic offset of the
localized charge carrier modifies the conduction process and
yields a conductivity33

F
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The energy D is the width of the distribution in on-site energies; a is the inverse linear polaron dimension; b is the
density of states to within a factor of order unity. E a is the
activation energy to hop from the occupied state to the center
of the distribution in on-site energies. If E a ,D/2 the conduction reverts to standard variable-range hopping. For reasonable choices of parameters, the two contributions to the
exponent are roughly comparable, suggesting that lns;T1/4
behavior may be seen, but in a material-dependent fashion.34
The qualitative energy dependence as a function of doping
for the conductivity in this skewed variable-range-hopping
model is broadly similar to that of Eq. ~2!. Returning to
samples 2 and 3, short-range spin order reduces the activation energy E a (T) as the transition is approached from
above. Thus the contribution to the conductivity of the form
e 2E a (T)/T does not induce as much upward curvature in
r (T) as would be expected for a temperature-independent
E a . This result is in accord with the experimental resitivity
curves for samples 2 and 3, which are not well-fit by Eq. ~3!
unless E a is allowed to decrease with decreasing temperature.
One remaining puzzle is the rather large value of the resistivity in the ostensibly metallic region below T MI . At the
metal-insulator transition, the carrier hopping barrier drops
to values comparable to or below kT MI itself, so that the
carriers are thermally unbound. At lower temperatures, however, a negative temperature coefficient of the resistivity can
reappear as the magnetization saturates and the temperature
drops below the now temperature-independent carrier activation energy. Such behavior is seen in some underdoped manganite samples.33 An incipient localization may be consistent
with the large absolute value of the resistivity in the metallic
low-temperature phase. The supposition of incipient localized behavior at low temperatures provides a possible explanation for the large pressure derivative of the resistivity at
low temperatures.35
We note that it can be difficult to distinguish between
polaronic and Anderson localized phases on the basis of
transport data alone, since both yield an activated conduc-
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tion. For disorder-induced localization it is plausible that the
changes in band structure at the transition shift the Fermi
level from localized to extended states. The bulk of the preceding discussion on the doping and temperature dependence
of the thermopower above T MI may still apply if the charge
localization in the high-temperature phase arose from Anderson localization instead of polaron distortions, since the same
qualitative dependences of activation energy upon effective
Fermi velocity and density of states could be expected. However, the evolution in the strength of the disorder with increasing cation concentration complicates the doping dependence of E a in such a model. Experimental probes of the
local structural order in the high-temperature phase and
across the magnetic transition may help distinguish between
these mechanisms.
The resisitivity as a function of temperature in the doped
manganites exhibits three regimes: high-temperature activated conduction, an abrupt drop in resistivity associated
with magnetic ordering, and low-temperature metalliclike
conduction with an unexpectedly large absolute value of the
resistivity. The thermopower also has three regimes. Activated conduction yields a high-temperature thermopower of
doping-dependent sign and magnitude. Band splitting and
formation of a more dispersive partially occupied spinmajority band near the magnetic transition imply an abrupt
drop in the thermopower to values more characteristic of
metals. The more metallic nature of the electronic structure
at lower temperatures yields a more weakly dopingdependent thermopower. Band offsets arising from the
21/31 cation distribution can account for a sign change in
the thermopower around 100—150 K. In general, the conduction process in the localized high-temperature phase is
more sensitive to variation in the effective bare Fermi velocity than is the low-temperature metallic phase, yielding a
stronger doping dependence to the thermopower in the hightemperature regime. The high-temperature charge transport
is analyzed within a modified variable-range-hopping model,
21/4
which suggests that s ;e aT
may be observed in a restricted range of parameter space.
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