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Magnetic-field (B50 – 1.5 T) dependent thermoelectric power ~TEP! of the Na-doped
La0.7Ca0.32y Nay MnO3 (0.0<y<0.3) system has been studied in the temperature range 80–300 K.
X-ray diffraction studies indicate a rhombohedrally distorted perovskite structure of the samples.
The observed sharp peak in the resistivity ~r! versus temperature ~T! curve falls and shifts to higher
temperature with increasing Na concentration ~y!. In the low-temperature ferromagnetic ~FM!
regime, thermopower ~Seebeck coefficient, S! obeys the expression S5S 0 1S 1.5T 1.51S 4 T 4 over the
entire range of y. Electron-magnon scattering is found to dominate the low-temperature resistivity
and TEP data. High-temperature TEP data can be well fitted with Mott’s small polaron hopping
model. The activation energy (E S ) and polaron hopping energy (W H ) decrease with increasing Na
content. Both E S and W H decrease while polaron radius (r p ) increase with the application of a
magnetic field. Field-dependent TEP data also indicate the suppression of spin fluctuations in the
presence of a magnetic field. In the low-temperature FM region, both magnon drag and phonon drag
effects coexist. © 2003 American Institute of Physics. @DOI: 10.1063/1.1527220#
I. INTRODUCTION

The recent observation of giant magnetoresistance
~GMR! in films and single crystals as well as in polycrystalline samples of hole doped LaMnO3 with the general composition R12x Ax MnO3 (R5La, Pr, Nd, etc. and A5Ca, Pb,
Sr, Ba, etc.! has generated enthusiastic research efforts
worldwide.1–5 In these oxide systems, the transition from
insulating to metallic states can be brought about for a wide
range of doping concentrations x (0.2,x,0.5) and magnetoresistance shows a maximum around the metal-insulator
transition ~MIT! temperature (T p ). Above T p , the materials
show a paramagnetic insulating ~PMI! phase whereas below
T p it is transformed into a ferromagnetic metallic ~FMM!
phase. Conventionally, the magnetic and transport properties
of these materials were explained by the ‘‘double-exchange’’
~DE! mechanism which is controlled by the motion of the e g
electrons from Mn31 to Mn41 sites.6 – 8 However, Millis
et al.9–11 argued that double exchange ~DE! alone could not
explain the colossal magnetoresistance ~CMR! and other
properties like the heat-capacity anomaly around MIT and it
was proposed that a strong electron–phonon ~e–ph! coupling, via Jahn—Teller effects should also play an important
role. Among the various transport properties of these class of
materials showing MIT, thermoelectric power ~TEP! is very
sensitive to the nature of charge carriers, charge-carrier-spin
interactions, and the thermal conductivity. The Na-doped
manganites of present investigation show a very complicated
behavior of the Seebeck coefficient ~S! indicating both positive and negative signs depending on the temperature as well
as the degree of substitution, which in turn determine the
charge-carrier density of the system. In the low-temperature
a!
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FM phase, TEP is related to the changes in the electronic
structures and scattering processes. In the insulating ~semiconducting! phase (T.T p ), the temperature-dependent TEP
data provide interesting information on the energy dependence of the parameters governing the high-temperature
charge transport through small polaron hopping ~SPH!
mechanism.12
Until recent times, studies of the rare-earth manganites
were mostly focused on the divalent ion-doped
R12x Ax MnO3 compounds. Most of these compounds crystallize in an orthorhombically distorted perovskite structure
(O8 -type; c/&,a,b; space-group Pbmn! with a cooperative ordering of the Jahn—Teller distorted Mn31 O6
octahedra.13 In contrast, there are only a few reports of transport measurements on monovalent alkali-metal ion-doped
compounds like La–Na–Mn–O, La–K–Mn–O, and
La–Sr–Na–Mn–O!.14 –17 To the best of our knowledge, TEP
~Seebeck coefficient, S! of the Na-doped materials have not
been reported so far. Alkaline–earth metal and alkali doping
on LaMnO3 can lead to different consequences, e.g., the latter can lead to less inhomogeneity, because fewer impurity
ions are needed to achieve a specific carrier concentration
and larger random-potential fluctuations being experienced
by the electrons in the s * band due to the larger difference
in the valence between La31 and alkali-metal ions.16 Since
the valence state of the alkali-metal ions is 11, substitutions
with these ions result in an increase of the mixed valence of
3 1
3 0
Mn31 (t 2g
e g :S52) and Mn41 (t 2g
e g :S53/2) ions which
favors the DE mechanism.
In the present article, the effect of Na substitution on the
thermoelectric power of La0.7Ca0.32y Nay MnO3 (0.0<y
<0.3) showing a y-dependent metal-insulator transition has
been reported. The Seebeck coefficient ~S! of different Nadoped samples (0.0<y<0.3) has been measured both in the
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TABLE I. Crystallographic data of La0.7Ca0.32y Nay MnO3 .

FIG. 1. XRD pattern of the two samples with ~a! y50.0 and ~b! y50.15
showing single-phase perovskite structure.

presence and absence of a magnetic field. The data are fitted
to the theoretical models for a critical analysis of the salient
features ~carrier hopping, spin fluctuation, magnon-drag, and
phonon-drag, etc.! associated with the Seebeck coefficient.
For the sake of discussion, resistivities of all the samples
showing MIT have also been measured.
II. EXPERIMENT

Ceramic La0.7Ca0.32y Nay MnO3 (0.0<y<0.3) samples
of uniform grain size were synthesized using the solid-state
reaction method. Well-mixed stoichiometric amount of
La2 O3 , CaO, Na2 CO3 , and (CH3 COO) 2 Mn, 4H2 O ~each of
purity ,99.9%! were first heated to 773 K for 5 h and then
to 1073 K for another 5 h with intermediate grinding and
then final heat treatment was made at 1173 K for 48 h
~twice!. The powder thus obtained was ground, palletized,
and annealed at 1073 K for 72 h and then furnace cooled.18
The phase purity of the samples were checked by the powder
x-ray diffraction ~XRD! with CuKa radiation at room temperature. Resistivity ~r! was measured in the 15–350 K temperature range and the thermoelectric power ~S! was measured by the standard differential technique in the 80–300 K
temperature range. A K-type thermocouple ~corrected! was
used to measure DT with an accuracy of 60.1 K.
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be indexed by both the structures. For the samples with y
.0.05, the structure is found to be rhombohedral. This is an
interesting feature of the sample under investigation.
Figure 2 shows the resistivity ~r! versus temperature
curves of all the samples ~with y50.0, 0.05, 0.10, 0.15, and
0.30! showing MIT at around room temperature ~except the
one with y50.0). In the high-temperature region ~above T p ),
all the samples are paramagnetic insulators ~semiconductors!. It is seen from Fig. 2 that with increasing y, resistivity
~r! drops and T p shifts to the higher-temperature region
clearly indicating the extension of the FMM state because of
monovalent-alkali doping in the A-site of the rare-earth manganites. This behavior of r can be explained by considering
that with the increase of monovalent alkali doping in the A
site, the number of Mn41 ions among the regular Mn ions
increase and hence effectively hole is injected in the conduction band. An increase in the ratio of Mn41 /Mn31 ~Table II!
increases the ferromagnetic ~FM! DE interaction and so the
extension of the metallic state is favored. It is interesting to
mention that for the samples in the lower Na doping range, a
sharp MIT is observed, whereas, for the corresponding
samples in the higher-doping regime, MIT peaks are relatively broader. This observation can be explained by the fact
that more Na doping drives the system towards higher conductivity and the system is metallic almost throughout the
temperature range. Hence, the transition from the hightemperature semiconducting phase to the low-temperature
FMM phase is smoother and the resistivity peak shows a
broad nature. Also, the presence of a little impure phase or
different grain sizes might cause broadness of the MIT peak.
It has also been observed from the low-temperature (T
,T p ) resistivity data of all the samples that a T 2 -dependent
scattering process dominates the conduction phenomenon.18

III. RESULTS AND DISCUSSION

XRD patterns ~Fig. 1! of the two typical samples with
y50.0 and 0.15 clearly show that all the samples are in
single phase with no measurable impurity phases. The refined values of the structural parameters are given in Table I.
It was observed that the undoped La0.7Ca0.3MnO3 sample
shows an orthorhombic perovskite structure with spacegroup Pbmn whereas, all the Na doped samples show a
rhombohedrally distorted perovskite structures with R 3̄c
space group in the hexagonal axes. This is consistent with
the previously reported results.16,17 The transition from the
orthorhombic to the rhombohedral phase takes place for the
sample with y50.05. This particular sample (y50.05) can

FIG. 2. Thermal variation of resistivity ~r! of La0.7Ca0.32y Nay MnO3 with
y50, 0.05, 0.1, 0.15, and 0.3.
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TABLE II. The values of the activation energies (E p ,E S ), hopping energy (W H ), Mn41 /Mn31 ratio, and the
constant term a 8 of La0.7Ca0.32y Nay MnO3 in the presence and absence of magnetic field.
E p ~meV!

E S ~meV!

a8

W H ~meV!

y

Mn41 /
Mn31

0.0 T

1.5 T

0.0 T

1.5 T

0.0 T

1.5 T

0.0 T

1.5 T

0.0
0.05
0.10
0.15
0.30

0.428
0.538
0.666
0.818
1.5

116.331
104.593
97.311
91.915
85.289

91.949
83.869
79.217
77.197
75.061

13.159
12.757
11.787
11.601
10.687

9.377
11.343
10.925
9.635
9.382

103.172
91.836
85.524
80.314
74.602

82.572
72.526
68.292
67.562
65.679

20.61
20.52
20.47
20.41
20.34

20.45
20.39
20.35
20.32
20.28

Snyder et al.19 analyzed the resistivity data for Sr- and Cadoped LaMnO3 using the expression r 5 r 0 1 r 2 T 2
1 r 4.5T 4.5. Consideration of the additional T 4.5 term better
fits the experimental data over a wider temperature range for
both the Sr- and Ca-doped systems. Following Urushibara
et al.,1 the T 2 dependence of r in the low-temperature FM
region suggests that electron-electron scattering dominates
the conduction mechanism in this region and it is shown that
the additional T 4.5 term arises due to the spin-wave scattering. But according to Mott,20 a r ;T 2 term does not necessarily suggest electron–electron scattering and in a ferromagnetic material, similar to our present system, the r ;T 2 term
signifies electron-magnon scattering process. So, for these
samples, the electron-spin scattering process cannot be neglected in the FM regime and we attribute the T 2 term to the
electron-magnon scattering process.18
Figure 3 shows the temperature-dependent thermoelectric power of different samples with y50.0, 0.05, 0.1, 0.15,
and 0.3. The thermal variation of S for the undoped sample
(La0.7Ca0.3MnO3 ) agrees quite well with the results reported
earlier.21 For this sample (y50.0) there is no change in the
sign of the Seebeck coefficient ~S! around T p and S remain
negative throughout the temperature range of our investigation. It is further noticed that the Seebeck coefficient becomes more negative with the addition of even a very small
amount of sodium (y50.05) in the Ca site and with the
further increase of y, S tends towards a positive value finally

becoming positive for y50.15 at low temperatures. With a
further increase in the sodium content (y50.3), S again decreases and remains negative throughout the temperature
range. This change in S is considered to be associated with
the corresponding change of Mn41 content as well as with
the change of the average A-site radii ^ r A & . With a little
amount of Na doping (y50.05), the Mn41 ion concentration
increases and S becomes more negative. Addition of further
Na ions in the A site causes more hole doping which are
localized in character and hence S increases ~for y50.1 and
0.15!. This large value of thermopower arising from the hole
localization may occur due to the narrowing of the e g band
due to the smaller value of ^ r A & and may also be due to the
distortion of the Fermi surface. The magnitudes of S for the
samples with the highest (y50.3) and lowest (y50.0) y are
almost the same. This is because the relative ratio of Mn31
and Mn41 ~in y50 sample Mn31 :Mn41 570:30 and in y
50.3 sample Mn41 :Mn31 560:40) is nearly same in both
the cases. So the rate of exchange of e g electron via the
central oxygen atom ~DE interaction, the key parameter controlling the transport phenomenon! is almost the same. Further, the ionic radii of Ca ~0.99 Å! and Na ~0.97 Å! ions are
almost equal. These two are the most important factors in
determining the sign and magnitude of S.
Figure 4 shows the variation of S with T in the presence
(B51.5 T) and the absence of a magnetic field. For all the
present samples, it is seen that with the application of a magnetic field (B51.5 T), S increases at low temperatures and
the difference between the two values DS(5S 0 – S 1.5) decreases near T p . This indicates that the spin ordering under a
magnetic field increases the thermopower of the manganite
samples. The decrease in DS near T p is associated with the
magnetoresistance effect.
In recent times, extensive studies have been made on the
polaronic transport in the high-temperature PMI phase (T
.T p ) of rare-earth manganites.22,23 We also find that the
high-temperature TEP data fits excellently with Mott’s wellknown equation12 of the Seebeck coefficient based on polaron hopping, having the form
S5k B /e @ E S /k B T1 a 8 #

~1!

where E S is the activation energy obtained from the TEP data
and a 8 is a constant of proportionality between the heat
transfer and the kinetic energy of an electron, where a 8 ,1
suggests hopping due to small polarons and a 8 .2 suggests
the existence of large polarons.24 Figure 5 give the S versus
1/T curve for all the samples both in the presence and ab-

FIG. 3. Thermal variation of Seebeck coefficient ~S! of
La0.7Ca0.32y Nay MnO3 with y50, 0.05, 0.1, 0.15, and 0.3 without applying
magnetic field.
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FIG. 4. Temperature and magnetic-field dependent Seebeck coefficient ~S!
of four different samples with ~a! y50.05, ~b! 0.1, ~c! 0.15, and ~d! 0.3.
Solid lines are best-fit lines to the Eq. ~4!.

sence of a magnetic field. Solid line gives the best fit of the
experimental data with Eq. ~1!. From the slope of S versus
1/T curves, we obtain the values of the activation energy E S
for all the samples. The constant a 8 is obtained from the
intercept of the plotted curves. All the parameters obtained
from fitting the experimental data with Eq. ~1! are given in
Table II. From the estimated values of a 8 @from Eq. ~1!#, we
find a 8 ,1 for both 0.0 and 1.5 T magnetic field. This supports the small polaron hopping conduction mechanism in
this system. For the sake of completion and discussion, the
values of the activation energy (E p ) obtained from fitting the
high-temperature resistivity data with Mott’s equation12 viz.

r /T5 r a exp~ E p /k B T !

~2!

are also shown in Table II. The calculated values show that
both the activation energies (E p and E S ) gradually decrease
with increasing sodium content. For a certain y, the activation energy is found to decrease in the presence of a magnetic field. The difference in the values of the two activation
energies (E p and E S ), as originally pointed out by Mott and
Davis, is the thermally activated behavior of the hopping
transport at high temperature. The difference between the
activation energies, measured from resistivity and TEP studies, is then the polaron hopping energy W H 5E p 2E S . The
calculated values of the hopping energy, both in the absence
(B50 T) and the presence (B51.5 T) of a magnetic field
are shown in Table II. A decrease of all the parameters E p ,
E s , and W H with increasing y imply that increasing Na concentration sufficiently increases the number of charge carriers and this increased number of carriers ~holes! in the e g
band take part in conduction thereby reducing the energy
needed to release a charge carrier. This effectively reduces
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FIG. 5. S vs 1/T plot for four different samples with ~a! y50.0, ~b! 0.05, ~c!
0.1, and ~d! 0.15. Solid lines are best-fit lines to the Mott’s equation @Eq.
~1!#.

the activation and the hopping energy. According to Mott and
Davis,12 the hopping energy W H is related to the polaron
radius (r p ) as
W H 5e 2 /4« ~ 1/r p 21/R ! ,

~3!

where « is the dielectric constant and R is the average intersite distance related to r p (r p 5( p /6) 1/3R/2). With the application of a magnetic field, hopping energy W H decreases and
hence the polaronic radius increases ~as r p is inversely proportional to W H ). Mott and Austin25 also showed that for
finite disorder energy between the occupied and unoccupied
sites, a 8 is given by a 8 5(W H /kT) (12 u )/(11 u ), where u
is a constant related to the amount of disorder in the system.
u 51 suggests zero disorder whereas any deviation of u from
1 is a measure of the disorder in the system. The present
series of samples show u ;0.7– 0.8 ~depending on y!, quite
close to the value predicted by Mott and Austin ( u ;0.9).
The application of a magnetic field increases u thereby reducing the amount of disorder in the manganite system,
which is further confirmed, by the increase of conductivity
with the application of a magnetic field.
The resistivity and the TEP values of the undoped
sample La0.7Ca0.3MnO3 have already been studied and the
temperature dependence of S below T p has been expressed
by the relation26
S5S 0 1S 1.5T 1.51S 4 T 4

~4!

where S 0 is a constant term inserted to account for the problem of truncating the low-temperature data. The low temperature ~FM phase! TEP data of the samples (y50.0, 0.05,
0.10, 0.15, and 0.30! are well fitted with Eq. ~4! as shown in
@Figs. 4~a!– 4~d!#. The corresponding fitting parameters for
the samples are shown in Table III for comparison. For all
the samples S 1.5@S 4 , which suggests that at low tempera-
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TABLE III. The values of the parameters S 0 , S 1.5 , and S 4 obtained from fitting the low-temperature ~ferromagnetic phase! thermoelectric power data with Eq. ~4! both in the presence and in absence of magnetic field.
S 0 ~mV/K!

S 1.5 ~mV/K2.5!

S 4 ~mV/K5!

y

0.0 T

1.5 T

0.0 T

1.5 T

0.0 T

1.5 T

0.00
0.05
0.10
0.15
0.30

23.839
211.173
210.406
1.909
27.228

23.707
29.927
27.385
2.478
26.846

2.3431023
2.2731023
3.4231023
2.7231023
3.1831023

2.331023
1.731023
2.831023
2.1331023
3.0531023

24.1031029
22.4431029
22.6331029
22.9831029
22.5731029

25.6931029
22.3631029
22.5131029
22.9731029
2.4731029

tures, the temperature dependence of S is governed by the
second term in Eq. ~4! which arises due to electron-magnon
scattering contribution. However, at high temperatures the T 4
term ~spin-wave fluctuation contribution! cannot be neglected and this term actually fits the data @with Eq. ~4!# over
this region. It was also noticed from the resistivity data18 that
the electron-magnon scattering process dominates the conduction mechanism in the low-temperature ~FM phase!
range. Therefore, from the TEP measurements it is confirmed
that the electron-magnon scattering process is predominant
in the low-temperature FM phase. At low temperatures, an
almost linear dependence of S with T 3/2 is observed for all
the samples. A similar result is also reported by Jaime et al.27
for the La0.67(Ca/Pb) 0.33MnO3 -type single crystal. In this region ~below 80 K!, they observed S linearly increases with T

and the S versus T curve showed a positive curvature in the
temperature range 30– 80 K. For our samples, the temperature up to which linearity is seen in the S versus T 3/2 curve,
increases with the increase in Na doping concentration, and
the S value reaches a maximum at a temperature T5T S
~say!. Above this temperature, the curve shows a negative
slope and decreases almost linearly with T 3/2 thereby exhibiting a peak at around T S ~Fig. 6!. Blatt et al.28 showed similar behavior of thermopower for metallic Fe and explained
this behavior by applying the magnon drag theory, similar to
the phonon drag theory. They also predicted that at low temperatures, phonon drag (S g ) and magnon drag (S m ) contributions are present and should be proportional to their respective specific heat contributions so that S g a T 3 and
S m a T 3/2. A linear dependence of S with T 3/2 as well as T 3
~Fig. 6! is observed in our present samples which suggests
that in the low-temperature ferromagnetic phase, a magnon
drag is produced due to the presence of electron-magnon
interaction along with the effect of phonon drag due to
electron-phonon interaction. From the error calculation of
the fitting parameters, it is seen that the effect of phonon drag
on the transport properties in this temperature range
(80 K-T S ) is marginally greater than the magnon drag effect.
However, there is almost no effect of magnetic field on the
T S value which further indicates the predominance of phonon drag in the present system for the above-mentioned temperature range. The magnon drag effect is only predominant
at much lower (20,T,80 K) temperature range. The presence of the thermopower peak near u D /5 for all the samples
~where Debye temperature u D varies from 510.2– 657.9 K
for the present system! is also a concrete proof of phonon
drag effect in the present system.26 However, the magnon
drag effect cannot be neglected due to strong electronmagnon interaction in the system ~from resistivity and TEP
fitting!. It is getting only gradually suppressed as the temperature is heading towards MIT. For all the samples of
present investigation, S 0 @Eq. ~4!# is found to increase in the
presence of a magnetic field. Magnetic field decreases the
coefficient S 3/2 for all the samples (y50, 0.05, 0.1, 0.15, and
0.3! which strongly supports that the electron-spin scattering
process is suppressed due to the external magnetic field.
However, the interdependency of the parameters S 0 , S 3/2 ,
etc. is not well known and for such information, a more
detailed study of thermopower under a high-magnetic field is
needed.

FIG. 6. S vs T 1.5 and S vs T 3 plot for the sample La0.7Ca0.3MnO3 . An almost
linear variation of S with T 1.5 and T 3 below T S suggest the presence of both
phonon and magnon drag effects in the low-temperature region.
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IV. CONCLUSION

In conclusion, magnetic-field-dependent electrical conductivity and thermoelectric power of the monovalent alkali
~Na! doped La0.7Ca0.32y Nay MnO3 system (y50 – 0.3) supports small polaron hopping ~SPH! conduction mechanism
above the respective MIT temperature (T p ). Below T p , the
magnetic-field-dependent TEP data can be well fitted with
the equation of the form S5S 0 1S 1.5T 1.51S 4 T 4 , where the
second term suggests the importance of electron-magnon
scattering in the low-temperature FMM phase. Electronmagnon scattering is also indicated from low-temperature
resistivity data. The suppression of S 1.5 in the presence of the
magnetic field suggests that electron-spin scattering decreases with the application of the magnetic field. The importance of the spin-wave fluctuation (T 4 term! is visible in
the high-temperature range. The low-temperature linear dependence of S with T 1.5 and T 3 suggests the presence of both
the magnon and phonon drag effects in the low-temperature
FM phase. Finally, the study of field-dependent thermopower, heat capacity, and conductivity of manganite
would be interesting for a deeper understanding of the magnon and phonon drag effects in such materials.
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