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Magnetoresistance and magnetothermoelectric power of La0.5Pb0.5Mn1ÀxCr xO3
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We report the results of thermoelectric power~TEP! of a Cr doped La0.5Pb0.5Mn12xCrxO3 (x50 –0.45)
system measured both in the presence and the absence of magnetic field (B51.5 T). The small field depen-
dence of the Seebeck coefficient is observed around the metal-semiconductor transition~MST! temperature
(Tp) of the samples. The field dependence of TEP is stronger in the undoped sample. It is noticed from the TEP
data that the small polaron hopping conduction mechanism is valid for all these samples~for T.Tp). The
polaron radiusr p is found to decrease with increase of magnetic field. Low-temperature~below Tp) field-
dependent and field-independent TEP data can be fitted withS5S01S3/2T

3/21S4T4 suggesting that the
electron-magnon scattering strongly affects the low-temperature~ferromagnetic phase! TEP data of the man-
ganites. Activation energy gradually increases with increasing Cr concentration both in the presence and the
absence of magnetic field. Field-dependent thermopower also indicates the importance of spin fluctuations
affecting the phonon scattering. Power factor (S2/r) estimated from the Seebeck coefficient~S! and resistivity
(r) ~at zero and 1.5 T field! showed a minimum around the MST temperature similar to the field-dependent
thermal conductivity data.

DOI: 10.1103/PhysRevB.64.104428 PACS number~s!: 75.30.Vn, 71.38.2k, 73.43.Qt, 72.20.Pa
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I. INTRODUCTION

The antiferromagnetic~AFM! insulating ~semiconduct-
ing! oxides such asRMnO3 (R5rare earth elements such a
lanthanum! of current interest can be driven to ferromagne
~FM! metallic state by partial substitution of the trivalent ra
earth by divalent metal.1,2 The basic structural, magnetic an
transport properties of these oxides viz La12xAxMnO3 (A
5Sr, Pb, Ca, etc.!3–5 were widely studied in recent past. Fo
a wide range of doping (0.2,x,0.5), there is a semicon
ducting to metallic transition~MST! with the lowering of
temperature. The high-temperature~above MST temperature
Tp) semiconducting phase showed paramagnetic~PM! be-
havior, while the low temperature~below Tp) phase exhib-
ited ferromagnetic and metallic character. The magnetic
other properties of these compounds have traditionally b
explained in terms of the double exchange~DE! mechanism,6

which considers the magnetic coupling between Mn31 and
Mn41 ions. Recently, thorough investigation has been m
showing evidence in favor of strong electron-phonon c
pling due to Jahn-Teller effect of the Mn31 ions which has
also been considered to play a key role in the transp
mechanism of these manganites.7 The great structural anal
ogy between superconducting cuprates and the colossal
netoresistive~CMR! behavior of manganites suggested th
the magnetotransport properties of the later should be se
tive to the doping at the manganese sites. The study of
effects of Mn site doping with other elements is expected
provide important clues to the mechanism of CMR behav
Among various aspects of transport studies in these mate
showing MST, thermoelectric power~TEP! has also attracted
much attention as it is sensitive to the nature of charge
riers, their interaction with spins, and also to the therm
conductivity of the material through the thermoelectric figu
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of merit ZT5S2T/(rk), wherek is the thermal conductiv-
ity, r is the electrical resistivity, andT is the absolute tem-
perature. The Seebeck coefficient~S! of the manganite sys
tem shows very complicated behavior indicating bo
positive and negative signs depending on the temperatur
well as on the degree of substitution that determines the
rier density of the system. In the low-temperature meta
phase, TEP is related to the changes in electronic struc
and scattering process. In the insulating phase (T,Tp), the
temperature-dependent TEP data can provide information
the energy dependence of the parameters governing the h
temperature charge transport through the small polaron h
ping mechanism.

Recently the Pb doped La-Mn-O system has been ela
rately studied by other research group4 because of its high
magnetic ordering temperature around room temperatur
was found that doping at the Mn sites with forgein eleme
generally decreases Curie temperatureTc and metal semi-
conductor transition temperatureTp . Both concentration and
nature of the doping element are found to have large effe
on Tp and other properties. The doping element can be b
lent such as Mg,8 Cu,9 Ni,10 Zn,9 trivalent such as Al,11 Fe,12

Co,9,10,12 Cr,9,13,14 and also tetravalent Ti~Ref. 15! etc., but
TEP data~both in the presence and absence of magn
field! of none of these doped samples were thoroughly a
lyzed. Again, among the various doping impurities, Cr do
ing has a spectacular effect on the transport properties, w
stimulates more research on these Cr doped samples. B
abeet al.16 found that among the various doping elemen
Cr is the most efficient one to induce MST in the char
ordering system. Raveauet al.17 also observed that Cr sub
stitution on such system such as Pr0.5Ca0.5MnO3 can induce
MST without applied magnetic field. Since electronic co
figuration of Cr31 and Mn41 are identical, Cr can replac
©2001 The American Physical Society28-1
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Mn and affect the DE interaction between Mn31 and Mn41.
As with conductivity and magnetic measurements, TEP
also expected to depend on magnetic field and can also
vide interesting information about the mechanism of cha
transport in the system.

In this paper, the effect of Cr substitution on the therm
electric power and power factor of La0.5Pb0.5Mn12xCrxO3
(0.0,x,0.45) have been studied. The TEP data of
samples~measured both in presence and in absence of m
netic field! have been critically analyzed. Temperatur
dependent Seebeck coefficients~both in presence and in ab
sence of magnetic field! of different doped samples hav
been fitted with the theoretical model.

II. EXPERIMENTAL

Polycrystalline La0.5Pb0.5Mn12xCrxO3 (0.0,x,0.45)
samples of uniform grain size were synthesized by conv
tional solid state reaction method discussed earlier.14 Appro-
priate amounts of La2(CO3)3, PbO, Mn(C2H3O2), and
Cr2O3 ~each of purity.99.99%) were mixed and preheate
at 500 °C for 5 h. Then they were grounded and heate
900 °C for 70 h with intermediate grindings. The powd
thus obtained was annealed at 900 °C for 24 h and furn
cooled. The phase purity of the samples were checked
powder x-ray diffraction~XRD! using CuKa radiation at
room temperature. The XRD patterns proves that all
samples are in single phase.14 Resistivity (r) was measured
by conventional four probe technique. Thermoelectric pow
was measured by standard differential technique in the
300 K temperature range.

III. RESULTS

Figure 1 shows the thermal variation of thermoelect
power ~TEP! of La0.5Pb0.5Mn12xCrxO3 with x50.0, 0.075,
0.15, 0.3, 0.45. The TEP curve~Fig. 1! for the chromium free

FIG. 1. Thermal variation of Seebeck coeffecient~S! of
La0.5Pb0.5Mn12xCrxO3 with x50.0, 0.075, 0.15, 0.3, and 0.4
~without showing MST!.
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sample, i.e., La0.5Pb0.5MnO3 agrees excellently with thos
obtained by Mandal18 who studied TEP of this sample i
absence of magnetic field. It is seen that for the Cr f
sample, there is a change over in the sign of Seebeck c
ficient ~S! with the change of temperature. This is a signatu
of the change in the nature of charge carrier. Interestingly,
the heavily Cr doped sample~with x.0.3), S is positive
throughout the measured range of temperature. It is inter
ing to note that the magnitude ofS increases with Cr doping
similar to the increase of resistivity with increasing Cr co
tent ~Fig. 2! indicating the importance of impurity scatterin
with increasing Cr ion concentrations. Figure 2 shows
resistivity curve for some typical chromium doped sampl
where the peak temperatureTp indicates metal-
semiconductor transition. ForT.Tp , the samples showed
semiconducting nature, but forT,Tp , the samples indicated
metallic character. For these samples, the ferromagneti
paramagnetic phase transition temperature~Curie tempera-
ture Tc) lies in the vicinity of Tp .4 But the highly doped
samples~for example, withx50.45) showed no such MST
and it behaved as a semiconductor throughout the temp
ture range of our investigation~450–80 K!. Figure 3 shows
the temperature-dependent TEP both in the presenceB
51.5 T) and absence (B50.0 T) of magnetic field for the
three typical Cr doped samples. It is seen from this figu
that application of a magnetic field (B51.5 T, maximum
range of our investigation! causes a decrease of Seebeck
efficient ~S! nearTp . Decrease inuSu nearTp is associated
with the magnetoresistance~MR! effect. Thermal variation
of magnetothermoelectric power~MTEP! (DS/S05u(S0
2S1.5)/S0X100%u) plotted in Fig. 3 indicate a large
anomaly aroundTp . It is interesting to note that the field
dependence ofS(T) is limited aroundTp or Tc . Analysis of
the experimental results has been made in the following s
tions.

FIG. 2. Thermal variation of resistivity (r) of
La0.5Pb0.5Mn12xCrxO3 with x50.075, 0.15, 0.3, and 0.45~not
showing MST!.
8-2
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IV. DISCUSSION

A. High-temperature „TÌTp… TEP data

It is quite justified to assume that the electronic struct
of the doping element plays a crucial role in explaining t
TEP data of the La-Mn-O system. The dopant Cr is a nei
bor of Mn in the periodic table and normally in the pero
skite system Mn and Cr ions exist in the form of Cr31 and
Mn31 and Mn41 ~Ref. 19!. Their electronic structures ar
Cr31:tg

3/2 (S53/2), Mn41:tg
3/2 (S53/2), and Mn31:tg

3/2eg
1

(S52), among whicheg
1 electron of Mn31 is the only elec-

tronically active electron. Due to nearly same ionic radii20

the doped Cr ions replace Mn31 ions in the form of Cr31.
Hence with Cr doping, Mn31/Mn41 ratio decreases and th
presence of Cr31 in the Mn31-O-Mn41 network structure
disturbs the lattice. Again, as Mn41 and Cr31 are isoelec-
tronic, there should be ferromagnetic double excha
~FMDE! interaction between Mn31 and Cr31. But it is also
known that the strength of Mn31-O-Cr31, double exchange
~DE! interaction is smaller than that of Mn31-O-Mn41 ~Ref.
21!. Hence with Cr doping, the effective DE interaction b
came weaker, resulting localization of only electronically a
tive electroneg

1 of Mn31, which again causes the gradu
shift of Seebeck coefficientS towards higher positive value
with increasing Cr doping~Fig. 1!. This explanation also

FIG. 3. Temperature dependent Seebeck coeffecient~S! and
magnetothermoelectric power for La0.5Pb0.5Mn12xCrxO3 with x5
~a! 0.0, ~b! 0.075, and~c! 0.15 atB50.0 and 1.5 T magnetic field
10442
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supports the gradual increase in the resistivity with doping
Cr31 as doping of Cr31 localizes more and moreeg

1

electrons.14

It is known that very little attempt has so far been made
study and explain the field dependent TEP of the manga
samples.22 The feature of temperature-dependent transp
property of this system can be qualitatively understood
terms of Mott’s formula for charge contribution to the Se
beck coefficient in metals23 viz.

S52~p2KBT/3e!s8~eF!/s~eF!, ~1!

wheree is the electronic charge,s(eF) is the conductivity at
the Fermi level, ands8(eF) stands for (]/]e)s(e). The ob-
served decrease inS aroundTc /Tp in presence of magnetic
field can be attributed to the increase in conductivity due
the phase transition to the metallic FM state~or due to the
decrease of resistivity with the application of magnetic fiel!,
provided that the change ofs8(eF) or the phonon-drag effec
is regarded as a minor contribution. The large MTEP pe
nearTc /Tp suggests its correlation with MR effect. It is in
teresting to note that the field dependence ofS(T) is limited
to a small temperature range nearTc /Tp , whereasr(T) re-
tains its field dependency to a much lower temperat
range.4 Though several attempts24 have been made to explai
this behavior on the basis of individual grain contribution
thermopower and resistivity, but the total picture is still n
clear. Thermoelectric power is usually less affected by
grains since heat flow from grain to grain is additive in n
ture.

In recent years, there has been extensive discussion o
polaronic transport in the high-temperature (T.Tp) para-
magnetic phase of this type of system.24,25 We also noticed
that the high-temperature TEP data fit very well with Mot
well known equation23 of Seebeck coefficient which has th
form

S5kB /e@ES /kBT1a8#, ~2!

whereEs is the activation energy obtained from the TEP da
anda8 is a constant, wherea8,1 suggests hopping due t
small polaron anda8.2 suggests the existence of larg
polaron.26 Figure 4 shows theS vs 1/T curve for some typi-
cal Cr doped sample withx50.075, 0.15, 0.3 both in the
absence and presence of magnetic field. The solid line
Fig. 4 give the best fit curve to Eq.~2!. From the slope ofS
vs 1/T curves, we obtain the values of activation energyEs
for all the samples. The values ofa8 obtained from fitting
the curves~both at 0.0 and 1.5 T magnetic field! are shown in
Table I. The values of activation energy (Ep) obtained from
the fitting of high-temperature resistivity data with Mott’s23

Eq. ~3! viz.,

r5r0T exp~Ep /kBT! ~3!

are also displayed in Table I~at zero and 1.5 T field! for
comparison. It is clearly seen from Table I that activati
energies (Es andEp) gradually increase with Cr doping bot
in absence and presence of field. Interestingly,Es obtained
from thermopower measurement is nearly one order of m
nitude smaller than that (Ep) estimated from the resistivity
8-3
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BANERJEE, PAL, BHATTACHARYA, CHAUDHURI, AND YANG PHYSICAL REVIEW B64 104428
data. The reason for this discrepancy as originally poin
out by Mott and Davis23 is the thermal activation nature o
the hopping transport at high temperature. The differe
between the experimentally determined activation energy
the resistivity and thermopower is then the polaronic h
ping energyWH5Ep2Es . The estimated values ofWH at
0.0 and 1.5 T magnetic field are shown in Table I. It
observed that all the parametersEp , Es , and WH increase
with increasing Cr doping which can be explained on

FIG. 4. Variation of thermopowerS as a function of inverse
temperature 1/T for La0.5Pb0.5Mn12xCrxO3 with x50.3 ~a! and~b!,
x50.15 ~c! and ~d!, x50.075 ~e! and ~f! above the metal-
semiconductor transition~MST! temperatures. The inset curves~b!,
~d!, ~f! represent the data taken in presence of magnetic fielB
51.5 T. Solid lines are the best fit to the Mott’s SPH model@Eq.
~2!#.
10442
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basis of localization of charge carrier (eg
1 electron of Mn31

ion! as discussed above. For a fixed Cr content (x), magnetic
field decreases the activation energy. This may be due
delocalization ofeg

1 electron, which decreases the activati
energy. UnlikeEp , Es varies slightly with Cr content. Simi-
lar result was also reported by others.27 Change ofWH with
field, implies an increase of the radius of the polaron w
field,25 which is also supported from the relation due
Mott23

WH5e2/4e~1/r p21/R!, ~4!

where r p is the polaronic radius and it is found thatWH
varies inversely withr p , which also supports that polaroni
radius increase with field. From the calculated values ofa8
from Eq. ~2! for both 0.0 T field and 1.5 T field, we find
a8,1. This supports small polaron hopping conducti
valid for the present system.26 Moreover, increase ofa8 with
field, is a strong evidence in support of our claim thatr p
increases with magnetic field.

B. Low-temperature „TËTp… TEP data

It is to be noted that strong temperature dependenceS
and the appearance of broad maxima in FM phase have
been analyzed in detail to date.18 Unlike the high-
temperature (T.Tp) paramagnetic phase, there is no sta
dard theoretical relation to explain the TEP data correspo
ing to the FM phase. Similar to electrical conduction, seve
factors viz. impurity, complicated band structure, electro
electron, electron-magnon scattering, etc., affect thermoe
tric power data. Though the picture is still not very clear, it
quite justified to assume that the electrical conduction a
thermoelectric power data are closely related to the sim
mechanism. According to the analysis of Snyderset al.28 and
Urushibaraet al.,29 the low-temperature (T,Tp , FM phase!
conductivity data is dominated by electron-electron scat
ing term (T2 dependency!. An additionalT4.5 contribution
was also included by Snyderset al.28 and the authors de
mand that this additional contribution was due to electro
magnon scattering process. On the other hand, Urushi
et al.29 showed that this contribution is actually due to sp
wave scattering and the electron-magnon scattering pro
is better expressed by theT2.5 dependency.30 We have ob-
served from the present experimental data that in the
temperature FM phase, aT2.5 dependence~electron-magnon
r
es of

T

TABLE I. The values of activation energies estimated from conductivity (Ep) and thermoelectric powe
(Es) of La0.5Pb0.5Mn12xCrxO3 in the presence and absence of magnetic field. The estimated valu
hopping energy (WH) and the constant term (a8) are also given for different samples both in 0.0 and 1.5
field.

Ep ~meV! Es ~meV! WH ~meV! a8
x 0.0 T 1.5 T 0 T 1.5 T 0 T 1.5 T 0 T 1.5 T

0.0 107.3 101.3 8.54 6.62 98.76 94.68 20.38 20.31
0.075 111.56 102.98 12.65 11.09 98.91 91.89 20.56 20.49
0.15 117.47 108.73 14.45 13.51 102.99 95.22 20.62 20.59
0.3 123.00 115.64 14.98 14.28 108.02 101.36 20.54 20.52
0.45 172.00 169.97 15.06 14.43 156.94 155.54 20.53 20.51
8-4
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scattering! term dominates the conduction phenomenon14

The importance of magnon scattering has also been repo
earlier31 in the same La-Pb-Mn-O system. We, therefore,
tempted to analyze the thermoelectric power data in the
phase using an expression18 of the form

S5S01S3/2T
3/21S4T4, ~5!

where theS0 term (S at T50 K) has no physical origin. The
T3/2 behavior suggests that electron-magnon scatte
strongly affects the low temperature~FM phase! TEP of this

FIG. 5. Plot of S vs T for La0.5Pb0.5Mn12xCrxO3 with x50.0 ~a!
and ~b!, x50.075 ~c! and ~d!, x50.15 ~e! and ~f!, x50.3 ~g! and
~h!. Curve~a!, ~c!, ~e!, and~g! are TEP data obtained in absence
magnetic field, whereas curves~b!, ~d!, ~f!, and ~h! are those ob-
tained in presence of magnetic field (B51.5 T). The solid lines
represent the fitting curves with Eq.~5! as discussed in the text.
10442
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type of manganites as in the case of electrical conduct
The origin of theS4T4 term is still not clear. It may be due to
spin wave fluctuation in the FM phase, as discussed
Urushibaraet al.29 to explain their low-temperature conduc
tivity data. Though several authors28,29 obtain an additional
T4.5 ~spin wave scattering! contribution to explain conductiv-
ity data, we observed no such additional temperature dep
dency while explaining the corresponding low-temperat
data in the FM phase of the La0.5Pb0.5Mn12xCrxO3 system.14

Figure 5 shows the best fit curve~solid line! in the metallic
FM phase of the Cr doped samples showing MST. As
sample with maximumx (50.45) showed no MST, and ha
no FM phase at low temperature, TEP data of this sample
not been fitted with Eq.~5!. Equation ~5! is also used to
analyze the TEP data obtained in presence of magnetic fi
Similar equation was also used18 earlier to fit the zero field
TEP data of the FM phase of La12xAxMnO3 (A5Pb, Sr, Ca,
Ba!. Experimental TEP data of the Cr free sample, i.
La0.5Pb0.5MnO3 also shows excellent agreement with Eq.~5!.
The corresponding fitting parameters are given in Table
Though we made a successful attempt to fit the TEP dat
all Cr doped samples showing MST, it is also noticed fro
Fig. 5 that with increasing Cr content, fitting curve~solid line
in Fig. 5! gradually deviates from the experimental data p
ticularly for the samples with higher concentrations of
content. It may be due to the fact that presence of Cr31 in the
Mn31-O-Mn41 network disturbs the lattice and hence t
heat flow as discussed above. From Table II one also fin
systematic variation of the fitting parametersS0 , S3/2, S4 for
the Cr doped La-Pb-Mn-O samples. Thus Eq.~5! fits the TEP
data both in presence and in absence of magnetic field
reasonable values of the model parameter. Very little is, h
ever, known about the interdependency of the individ
term in Eq.~5!. Such findings would be more interesting.
is further asserted that both thermopower~S! and resistivity
(r) are determined only by the electronic properties of
material and thus often combined to a formS2/r, the
‘‘power factor’’ which is related to the thermal conductivit
of the sample. In contrast, the thermal conductivityk5k l
1ke is composed of a lattice contribution (k l) and an elec-
tronic contribution (ke). The power factor estimated from
the TEP and resistivity data are shown in Fig. 6, both
presence and in absence of magnetic field. Similar to ther
conductivity,5 the S2/r term first decreases with lowering o
temperature for all the samples showing MST and it show
minimum aroundTp . With further lowering of temperature
e
tic
TABLE II. The values of the parametersS0 , S3/2, and S4 obtained from fitting the low temperatur
~ferromagnetic phase! thermoelectric power data with Eq.~5! both in presence and in absence of magne
field.

S0 (mV/K) S3/2 (mV/K5/2) S4 (mV/K5)
x 0.0 T 1.5 T 0 T 1.5 T 0 T 1.5 T

0.0 2.479 2.365 3.131024 4.531024 21.0131029 21.1831029

0.075 2.574 2.499 1.831023 1.931023 22.3631029 22.5431029

0.15 3.593 3.483 2.931023 3.131023 23.1631029 23.3731029

0.3 20.559 19.527 5.331023 5.531023 22.5131029 22.6131029
8-5
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below Tp , power factor increases and shows a peak aro
150 K and then again decreases. TheS2/r vs T curve below
the peak temperature~150 K! approachesT2 variation as
shown by the solid lines in Figs. 6~a!, 6~b!. On the high-
temperature side of the peak, the power factor and he
conductivity decreases presumably as a result of phon
phonon umklapp scattering as suggested by Chenet al.5 The
power factor showed a minimum value around the me
semiconductor transition temperature (Tp). A similar mini-
mum ~dip! aroundTp was also observed in the thermal co
ductivity vs temperature curve of other sample v
La-Ca-Mn-O,5 CoF2,32 MnO.33 For the present samples wit
x.0.3, the power factor, however, did not show peak in
low-temperature region up to 150 K@Fig. 6~d!#. The said
peak might, however, exist at much lower temperature~be-
low 100 K!. However, because of the high value of theSand
thermal fluctuation, we could not measureSof these samples
below 150 K. In the present system, magnetic field dep
dence of thermoelectric power and resistivity indicate t

FIG. 6. Temperature dependent power factor (S2/r) for
La0.5Pb0.5Mn12xCrxO3 with x5 ~a! 0.0, ~b! 0.075,~c! 0.15, and~d!
0.3 atB50.0 and 1.5 T magnetic field.
h

n

a
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phonons experience scattering proportional to the devia
of magnetizationdM from its saturation value.5 Referring to
the temperature dependence, a peak indM at the critical
temperature will cause a minimum in the thermal conduc
ity and power factor as observed from the experimental
sults. Actually, due to the spin fluctuation, the phonon me
free path (lp) splits into two parts (1/lp51/lnm11/lmag)
viz. nonmagnetic and magnetic parts.34 The magnetic part
1/lmag is proportional to the deviation of the magnetizati
from the saturated value viz.dM . At finite temperatureT, a
magnetic field will cause a smaller spin fluctuation and he
smallerdM and larger 1/lp . This is indicated by the little
smaller values of the thermopower and hence the power
tor in presence of magnetic field, particularly aroundTp .
Similarly field-dependent thermal conductivity also show
lower value5 than that of the corresponding zero field valu

V. CONCLUSIONS

In conclusion, the magnetic-field-dependent transp
property of the Cr doped La0.5Pb0.5Mn12xCrxO3 (x
50 –0.45) system has been investigated. Compared to
undoped system, the conductivity and thermoelectric po
of the Cr doped system showed smaller field depende
observed around the metal-semiconductor transition t
perature (Tp) of the samples. Both conductivity and therm
electric power data support small polaron hopping cond
tion mechanism in these oxides above the me
semiconductor transition temperature. Low-temperat
~below Tp) field-dependent TEP data can be fitted withS
5S01S3/2T

3/21S4T4. The second term suggests the impo
tance of electron-magnon scattering strongly affecting
low temperature~ferromagnetic phase! TEP data. However
theT4 term is not well understood and not very important f
the present samples of our investigation. Spin fluctuatio
which are smaller in presence of magnetic field, are effec
in scattering the phonons. Field-dependent transport stu
on well characterized single crystal would be more intere
ing. However, since the overall character of thermoelec
power of the bulk sample is similar to that of single cryst
present experimental results would also be important to a
lyze the corresponding single crystal values in presence
magnetic field when available.
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