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The thermoelectric effect and its systematic variation with doping level~x!, temperature~T!, and external
magnetic field~H! have been investigated for crystals of double-exchange ferromagnets, La12xSrxMnO3

~0.15<x<0.50!. LargeT- andH-dependent changes of the Seebeck coefficientSare observed around the Curie
temperatureTC due to the corresponding changes of resistivity.S changes its sign from positive to negative
around the insulator-metal phase boundary~x50.20! aboveTC for the paramagnetic phase, but aroundx50.30
in the ferromagnetic metallic state far belowTC . A possibly anomalous change of the electronic structure with
the spin-polarization is argued on the basis of the magnetothermoelectric data for the moderately doped
~x50.20–0.30! crystals.

Doping of charge carriers into antiferromagnetic corre-
lated insulators such as 3d transition metal oxides often
causes various insulator-metal~I-M! phenomena. Since there
are strong correlations between the magnetism and the
charge transport properties in such barely metallic phases,
curious spin-charge coupled phenomena have been aroused,
which is a recent subject of extensive studies in strongly
correlated electron systems. Large magnetoresistance effect
observed near a ferromagnetic transition temperatureTC in
perovskite-type manganese oxides,R12xAxMnO3 ~whereR
is a trivalent rare-earth ion andA a divalent ion such as Ca,
Sr, Ba, or Pb!, is one of the issues, which has attracted cur-
rent interest in relation to possible applications to magnetore-
sistance~MR! devices.1–9

Among various manganese oxides with perovskite struc-
ture, La12xSrxMnO3 is a prototypical double-exchange fer-
romagnet, in which the ferromagnetic interaction between
localizedt2g spins~spin quantum numberS53

2! is meditated
by itineranteg electrons~double-exchange interaction!.10–14

By the substitution of La31 with Sr21 ions, holes can be
doped nominally into theeg orbital band. A ferromagnetic
metallic ~FM! state appears belowTC for a critical composi-
tion of xC'0.17, and develops up toTC'380 K for x50.3–
0.5 crystals.6,7 It is important to note that the spins of both
t2g andeg electrons are fully polarized in the FM state be-
cause the intra-atomic exchange interaction between these
spins (JH'1.2 eV,9 Hund’s-rule coupling! is sufficiently
large compared with theeg orbital bandwidth. Therefore the
electronic band structure for the conductioneg electrons
completely splits by an order ofJH into, say, the up-spin
band and the down-spin band in the FM state,9 being much
different situation from other conventional conducting ferro-
magnets.

In this paper we report systematic studies of the thermo-
electric effect in La12xSrxMnO3 with various doping levels
~0.15<x<0.50!, which gives us important information about
the electronic nature of charge carriers in this system.15 We
discuss the observed results in terms of change of the elec-

tronic structure with band filling and spin-polarization in the
present system.

Crystals of La12xSrxMnO3 were prepared by the floating-
zone method. The details of growth conditions as well as
structural and chemical characterizations of the crystals have
been published in previous papers.7,8 Measurements of x-ray
powder diffraction patterns and electron-probe microanalysis
confirmed that all the samples are homogeneous and of
single phase. The samples were cut out to form a rectangular
shape with a typical dimension of 13137 mm3. Electrical
resistivity ~r! measurements were carried out in a conven-
tional four-point probe configuration. Seebeck coefficient of
the sample was measured in a vacuum by employing the
constant-DT method.16

Figure 1 shows the temperature dependence of Seebeck
coefficientS(T) and electrical resistivityr~T! under mag-
netic fields of 0 and 7 T for La12xSrxMnO3 crystals with the
FM ground state: low-doped~x50.18!, moderately doped~x
50.25!, and high-doped~x50.40! crystals. TheT- and
H-dependent behaviors ofSare intimately related to those of
r. For the low-doped~x50.18! sample, theS aboveTC is
characteristic of insulators or semiconductors, namely,uSu
~the absolute value ofS! increases with loweringT. For the
moderately or the high-doped metallic samples~x50.25 and
0.40!, on the other hand, theS aboveTC is characteristic of
metals, i.e., uSu decreases with loweringT. For all the
samples, the rapid decrease inuSu aroundTC , irrespective to
its sign, corresponds to that inr upon the phase transition to
the FM state.

It can be seen in Fig. 1 that application of a magnetic field
~7 T! also decreasesuSu considerably nearTC , suggesting
that the decrease inuSu should be compared with the MR
effect. Figure 2 shows the correlation between the magneto-
thermoelectric and the MR effects in a field up to 7 T. Here
the change ofS in a magnetic field is normalized by the
zero-field value„2DS/S~0!… and plotted as a function of the
normalized resistivity change„2Dr/r~0!… at various tem-
peratures for thex50.18 crystal that shows a nearly maximal
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MR phenomenon.7 Although all the data are not scaled onto
a single curve, we can see a tendency that2DS/S~0! is nearly
proportional to2Dr/r~0!. However, the deviations from the
linear relation are noticeable for the curves nearTC and in
high-field regions. For example,2DS/S~0! below TC once
shows a maximum, as indicated by the arrows in Fig. 2, and
then decreases with further increasing field. Such a positive
change ofS in the high-field region nearTC is characteristic
of increasing spin polarization and is in accord with the in-
crease inSwith lowering T below TC @see Fig. 1~a!#, since
both cases induce a rapid increase in the magnetization.

The global feature can be qualitatively understood in
terms of Mott’s formula for the charge contribution to the
Seebeck coefficient in metals,

S52
p2

3

kB
2T

e

s8~eF!

s~eF!
, ~1!

wheree is the elementary charge,s(eF) the conductivity at
Fermi level ands8 stands for~]/]e!s~e!.17 The observed de-
crease inuSu aroundTC or by applying a magnetic field is
attributed to the large increase in the conductivity due to the
phase transition to the FM state or the MR effect that results
from the field-reduced spin scattering, provided that the

change ofs8 or the phonon drag effect is regarded as a minor
contribution. It is worth noting, however, that the Seebeck
coefficient nearTC keeps on decreasing across zero level
with doping and hence does not converge into a small posi-
tive or zero value. TheSaboveTC shows a sign change from
positive to negative aroundx'0.20. For thex50.25 crystal,
theSchanges again its sign from negative to positive below
TC with lowering T, as can be seen in Fig. 1~b!. These be-
haviors cannot be interpreted simply in terms of a change of
s.

To see clearly this sign change ofS induced by doping or
lowering T, we show in Fig. 3 the Seebeck coefficient at
TC ~upper panel! and atT530 K!TC ~lower panel! plotted
againstx. The Seebeck coefficient atTC sharply decreases
with x, crosses zero aroundx50.20, and then becomes nega-
tive but lessx dependent forx>0.20 than forx<0.20. At
sufficiently low temperature~e.g., 30 K! below TC , on the
other hand, the behavior ofS is anomalous as seen in the
lower panel of Fig. 3. The sign ofS abruptly changes from
negative to positive atx'0.17, which exactly corresponds to
the compositional phase boundary of theI-M transition in the
ferromagnetic phase. ThenS reaches a positive maximum at
x50.20. Abovex50.20,S decreases gradually with doping
and crosses zero aroundx'0.3. Thus the metallic phases in

FIG. 1. Temperature depen-
dence of Seebeck coefficientSand
electrical resistivityr under mag-
netic fields of 0 and 7 T for
La12xSrxMnO3 crystals: ~a! low-
doped ~x50.18!, ~b! moderately
doped ~x50.35!, and ~c! high-
doped ~x50.40! crystals. Zero
level of S is indicated in each fig-
ure.

FIG. 2. Correlation between magnetothermoelectric and magne-
toresistance effects at various temperatures in thex50.18 crystal.
The change ofS in a magnetic-field normalized by the zero-field
value @2DS/S~0!# is plotted as a function of the normalized resis-
tivity change@2Dr/r~0!#. A solid line represents a linear relation
that 2DS/S~0!52Dr/r~0!. Arrows indicate maxima of2DS/S~0!
~see text!.

FIG. 3. Seebeck coefficient atTC ~upper panel! and atT530 K
~!TC , lower panel! as a function of doping levelx. Broken lines
are a guide to the eye.
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the present system can be classified into three regions. For
the low-doped region~x50.17–0.20!, theS is positive over
the whole temperature range. For the moderately doped re-
gion ~x50.20–0.30!, theS is negative aboveTC but changes
its sign to positive belowTC . For the high-doped region
~x50.30–0.50!, theS is negative over the whole temperature
range. Provided that the sign ofS reflects a type of charge
carriers, the sign change ofS suggests that the electronic
state of La12xSrxMnO3 crystal has been altered between
holelike and electronlike charge carriers by doping and also
by loweringT for the moderately doped region.

The thermally induced sign change ofS observed for the
moderately doped crystals implies that an evolution of the
spin polarization changes the electronic nature of charge car-
riers. If this is the case, it is expected that the sign change of
Scan be induced also by applying a magnetic field. In Fig. 4
we show the magnetic field dependence ofS for thex50.25
crystal at various temperatures: theS increases with a field or
with a spin polarization nearTC , but tends to saturate at
lower temperatures away fromTC @see also Fig. 1~b!#. In
particular, atT5320 K slightly belowTC , theSstarts from a
negative but changes its sign as the field is increased. There-
fore, application of a magnetic field tends not only tode-
creasethe uSu value in relation to the negative MR, but also to
increasetheS value itself with an evolution of the spin po-
larization for the crystals withx50.17–0.30. Such a ten-
dency also shows up as maxima of the2DS/S~0! vs 2Dr/
r~0! curves indicated by the arrows in Fig. 2.

In order to elucidate these thermoelectric properties, we
propose the possibility that the orbital degree of freedom of
theeg band may play an important role. Theeg band is built
up with degenerate 3d orbitals (d3z22r2 anddx22y2), and is
split into the upper and the lower band by an order ofJH .

9 If
the orbital degeneracy is not lifted in crystals, the filling~n!
of the lowereg band in La12xSrxMnO3 is n512x against the
full filling of n52. In this case, it is rather natural to suppose
that the character of charge carriers is seen to be of electron
type. By contrast, if the lower~up-spin! band built up with
the two orbitals is split further into two bands in the FM state

for some reason, then the lowest band is fulfilled whenn51
and hence the Sr substitution may literally introduce holes
into the system.

By adopting the above scenario, we come to a conclusion
that for x&0.3 whereS is positive at low temperatures, the
eg band in the fully spin-polarized FM state is non-
degenerate or subject to a further splitting. For the high-
doped~x*0.3! metallic phase, on the other hand, theeg band
is essentially degenerate and theS appears to be negative.
For the moderately doped region~0.2&x&0.3!, the degen-
eracy of theeg band seems to be gradually lifted as tempera-
ture is lowered belowTC and theS changes its sign from
negative to positive with the increase of the spin-
polarization.

At present, we have no definite assignment what is a driv-
ing force for the effective splitting of the fully spin-polarized
eg band or for the effective lifting of the degenerateeg band.
One of the possible origins may be some structural distortion
of MnO6 octahedra or the Jahn-Teller~J-T! effect. The im-
portance of~dynamic! J-T distortion has been recently sug-
gested theoretically18 and experimentally19 to explain the
transport properties in Mn-based oxide perovskites. We can
expect that the local distortion of the MnO6 octahedron has
in fact such an effect that lifts the degenerateeg band. If this
were the case, however, the thermally induced and/or the
field-induced sign change of the Seebeck coefficient below
TC would be difficult to be explained since theJ-T effect
should become less prominent or disappear in the FM state.18

Furthermore, a recent neutron diffraction study on a single
crystal of La12xSrxMnO3 ~x50.3! ~Ref. 20! have showed no
indication of theJ-T distortion over the whole temperature
range, although the Seebeck coefficient shows a similar sign-
change anomaly with the increase of the spin-polarization.

Another possible origin we propose here is the ‘‘antifer-
romagnetic’’ orbital ordering or its dynamical correlation in
the FM ground state. We may expect a strongly alternating
tendency ofd3z22r2 anddx22y2 orbitals in the pseudocubic
lattice due to the ‘‘antiferromagnetic’’ exchange interaction
between the orbital degree of freedom21,22 ~or so-calledt
spins in the orbital-spin analogy! on the adjacent Mn site.
What is most characteristic of the FM ground state in
La12xSrxMnO3 is that the spin degree of freedom is lost due
to the full spin polarization of theeg electrons and hence that
only the orbital degree of freedom~t spin! survives in the
FM ground state. Therefore, we may have to consider that
the dynamics of the spin-less fermions in the strong antifer-
romagnetict-spin fluctuation for the charge dynamics in the
FM state of La12xSrxMnO3 ~x&0.3!.

In summary we have investigated the systematic variation
of thermoelectric properties with doping level, temperature,
and magnetic field in La12xSrxMnO3 crystals. The experi-
mental results indicate that the nature of charge carriers
changes from holelike to electronlike aroundx50.20 in the
paramagnetic phase aboveTC and aroundx50.30 in the fer-
romagnetic metallic phase atT!TC . For the moderately
doped region~0.2&x&0.3!, the sign ofSchanges from nega-
tive to positive with the increase of the spin-polarization by
lowering temperature or by applying a magnetic field. We
have interpreted these behaviors in terms of a change of elec-
tronic structure relating to the orbital degree of freedom of
theeg carriers.

FIG. 4. Magnetic field dependence of the Seebeck coefficient at
various temperatures for thex50.25 crystal. At temperatures~e.g.,
T5320 K! slightly belowTC , S changes its sign from negative to
positive by applying a magnetic field.

R2954 53A. ASAMITSU, Y. MORITOMO, AND Y. TOKURA



The authors thank Y. Tomioka~JRCAT! and N. Nagaosa
~University of Tokyo! for enlightening discussions. The
present work was supported by the New Energy and Indus-

trial Technology Development Organization~NEDO! of Ja-
pan and by a Grant-In-Aid for Scientific Research from the
Ministry of Education, Science, and Culture, Japan.

1G. H. Jonker and J. H. Van Santen, Physica16, 337 ~1950!.
2R. M. Kusters, D. A. Singleton, R. McGreevy, and W. Haves,
Physica B155, 362 ~1989!.

3K. Chahara, T. Ohno, M. Kasai, and Y. Kozono, Appl. Phys. Lett.
63, 1990~1993!.

4R. von Helmont, J. Wecker, B. Holzapfel, M. Schultz, and K.
Samwer, Phys. Rev. Lett.71, 2331~1993!.

5S. Jin, T. H. Tiefel, M. McCormack, R. Fastnacht, R. Ramesh,
and L. H. Chen, Science264, 413 ~1994!.

6Y. Tokura, A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G.
Kido, and N. Furukawa, J. Phys. Soc. Jpn.63, 3931~1994!.

7A. Urushibara, Y. Moritomo, R. Arima, A. Asmitsu, G. Kido, and
Y. Tokura, Phys. Rev. B51, 11 103~1995!.

8Y. Moritomo, A. Asamitsu, and Y. Tokura, Phys. Rev. B51,
16 491~1995!.

9Y. Okimoto, T. Katsufuji, T. Ishikawa, A. Urushibara, T. Arima,
and Y. Tokura, Phys. Rev. Lett.75, 109 ~1995!.

10C. Zener, Phys. Rev.82, 403 ~1951!.
11P. W. Anderson and H. Hasegawa, Phys. Rev.100, 675 ~1955!.
12P.-G. de Gennes, Phys. Rev.118, 141 ~1960!.

13K. Kubo and N. Ohata, J. Phys. Soc. Jpn.33, 21 ~1972!.
14N. Furukawa, J. Phys. Soc. Jpn.63, 3214~1994!.
15A preliminary study of the thermoelectric effect in the related

compound (La0.8Ca0.2MnO3! has been done by J. Tanaka, E.
Bannai, M. Tsutsumi, and M. Tsukioka, J. Cryst. Growth.60,
191 ~1982!.

16R. R. Heikes and R. W. Ure, Jr.,Thermoelectricity: Science and
Engineering~Interscience, New York, 1961!, p. 285.

17N. F. Mott and E. A. Davis,Electronic Processes in Non-
Crystalline Material~Oxford University Press, Oxford, 1979!, p.
52.

18A. J. Millis, P. B. Littlewood, and B. I. Shraiman, Phys. Rev. Lett.
74, 5144 ~1995!; A. J. Millis, B. I. Shraiman, and R. Mueller
~unpublished!.

19H. Y. Hwang, S-W. Cheong, P. G. Radaelli, M Marezio, and B.
Batlogg, Phys. Rev. Lett.75, 914 ~1995!.

20M. C. Martin, G. Shirane, Y. Endoh, K. Hirota, Y. Tokura, and Y.
Moritomo ~unpublished!.

21M. Cyrot and C. Lyon-Caen, J. Phys.36, 253 ~1975!.
22S. Inagaki, J. Phys. Soc. Jpn.39, 596 ~1975!.

53 R2955THERMOELECTRIC EFFECT IN . . .


