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We have studied thermal conductivity, thermopower, and resistivity of bulk polycrystalline
Lay Ca ,MnO;. Large changes in the magnetothermal conductivity of about 15% and the thermopower as
large as 80% were found in addition to a large magnetoresistivity of 80% around the magnetic transition
temperature at 240 K. The temperature dependence of the thermal conductivity displays a striking dip, while
the resistivity and the thermopower have a peak near 240 K. The temperature and field dependences of the
thermal conductivity are attributed to the scattering of the phonons by spin fluctuations.
[S0163-182697)05024-9

The discovery of colossal magnetoresistat€dR) in  found a large difference between the activation energies gov-
the perovskite-based La,A,MnO; compounds® (A  erning the temperature dependence of the thermopower and
=Ca,Sr,Ba has led to several reports on the interplay be-the electrical resistivity abové&., which points to the po-
tween their fascinating transport properties and the underlytaronic character of the charge carriers in this temperature
ing magnetic structur&.®> While much progress has been domain. The strong coupling between the lattice and spins is
made on both the experimental and theoretical fronts, thenanifested by a dip in the temperature dependence of the
mechanism of CMR is still not fully understood. The double-thermal conductivity atT. and its disappearance when a
exchange model of Zerfecan qualitatively explain the si- magnetic field is applied to the sample.
multaneous appearance of metallic conduction and ferromag- The samples were prepared by mixing stoichiometric
netism, but it cannot adequately capture several aspects gliantities of LaO;, CaCQ, and MnCQ that were repeat-
the resistivity data. Consequently, an extension of couplingdly grinded and fired at 1200 °C until a single phase was
to lattice degrees of freedom in the form of the Jahn-Tellebtained. During the final stage the powder was pelletized
(JT) effect has been considered essential in understanding tlend annealed at 1300 °C in air for 24 h to make a dense
physics of CMR. Among various aspects of transport stud- sample. For measurements of the thermopower and thermal
ies in these materials, thermopower has attracted much atteaenductivity we used the steady-state method. A thermal gra-
tion recently® because it is a parameter sensitive to the nadient was generated by a resistive heater mounted at one end
ture of the carriers and their interaction with spins. Differentof the sample and was measured by using a chromel-
carrier signs are predicted depending on the degree of Jdonstantan thermocouple. The temperature range from 2 to
distortion® Thus, in the absence of the static JT distortion,300 K was covered by a cryostat equipped with a supercon-
the carriers are predicted to be electrons. On the other handucting magnet generating fields up to 6 T. The magnetiza-
with a sufficiently large static JT distortion the carriers taketion and the resistivity data were collected using a Quantum
on a holelike character. This may have been the reason fddesign superconducting quantum interference device magne-
different thermopower signs in the two reports published retometer.
cently. In their work on thick films of LggCa 3dMnO; pre- Figure 1 shows the temperature dependence of zero-field
pared by metallorganic decomposition process, Cétesl?  resistivity, resistivity measured in the field of 5 T, and the
reported negative and rising thermopower with increasingnagnetoresistivity defined a&p/p(0)=[p(0)—p(5 T)]/p(0).
temperature but no peak ne#g. In contrast, Jaimet al® At low temperatures the sample is magnetically ordered and
measured positive thermopower that displayed a clear peake resistivity has a metallic character with a value of 6
nearT, in their laser-ablated films of similar composition. m() cm, a rather high resistivity symptomatic of the sintered

To better understand the nature of electron-phonon courature of the sample. As the temperature increases and the
pling and the JT distortion in these materials we made meamagnetic transition is approached ndar=240 K (see the
surements of the thermal conductivity along with the studiesnset in Fig. 1, the resistivity rises sharply and reflects the
of the electrical resistivity and thermopower on bulk, sin-influence of the increasing magnetic disorder in conjunction
tered samples witkk=0.2. We found that the thermopower with the formation of magnetic polarons, possibly modified
in these samples is positive and displays a peak ardymd by the Jahn-Teller effect. An external magnetic field has a
accord with the theoretical predictions of Ref. 10. We alsotendency to align the ionic spins and destroy the polaron
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FIG. 1. Temperature dependences of zero-field resistj/iy, FIG. 3. Plot of Ifip(H,T)/p(H=0,T)] vs M*(H,T)/T at 280,
resistivity measured at 5 T, and magnetoresistak@(0) at 5 T. 300, 325, and 350 K. The field ranges from O to 5 T.
The inset shows the temperature dependence of magnetization at
H=0.05T. below 200 K. Above the magnetic phase transition, the na-

ture of transport changes dramatically and the resistivity ac-

state. In particular, the electron bandwidth becomes larger aguires a distinctly semiconductin@ctivated character. As-
the angle between the spins decreases. As a consequence, $hening a simple exponential dependence of the fgrm
resistivity measured in the magnetic field is much reduced= poexpE,/ksT), a fit to the data of Fig. 1 abovE, yields
and the magnetoresistivity reaches very large negative vap,=881 u{) cm and an activation energy &,=122 meV.
ues, which is referred to as the CMR effect. The field has itSThe latter is in good agreement with the values reported
greatest influence nedr, ; however, substantial magnetore- previously®!!even though the form of the samples and the
sistance in our samples persists down to below 50 K. Theloping levels are quite different. The resistivity continues to
intimate relation between the transport behavior and thée correlated with the magnetization even well abdye
magnetic state of the material is seen clearly from the data ibut the functional dependence is now differep{,H,T)
Fig. 2, wherep(H,T) is plotted against the magnetization = p(T)exd—M?(H,T)/ksT], as seen in Fig. 3.
M(H,T). Similar plots have been reported previously by The results of the thermopower measurements are shown
Hundley et al® for their pulsed-laser deposited films of in Fig. 4. The thermopower is positive throughout the tem-
LagCaMnO; and by wus for thick films of perature range investigated, suggesting that the charge carri-
Lag eCa3MnOs. It is clear, referring to Fig. 2, that the ers are holes and, according to Ref. 10, signaling the pres-
correlation betweerp(H,T) and M(H,T) is strong from
about 200 K up tdl;, but it breaks down for temperatures
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FIG. 4. Temperature dependence of zero-field thermopower
FIG. 2. Magnetoresistance(H,T) on a logarithmic scale vs S(0), thermopower measured in the field of 5.7 T, and magnetother-
magnetization at different temperatures. mopowerAS/S(0).
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ence of a strong static JT distortion. A large pé2& uV/K) 3 0.16
is seen near 240 K, reminiscent of the peak in the resistivity. o H=0

Earlier measuremerifson nominally the same compounds e H=57T EEE—
indicated about twice the value of the peak thermopower; '

however, the magnetic transition in this case was at a con-
siderably lower temperature of 208 K. There are two addi- __ 2
tional peaks or breaks on the thermopower curve of Fig. 4 X LA Oou,

-4 0.12

=0)

below T, : one around 30 K and the other one near 150 K. £

We do not have concrete evidence for any specific physical E
mechanism that might be at play, but speculate that the * 1
anomaly near 30 K might be a signature of the phonon-drag
effect, while the peak near 150 K could be associated with
scattering by magnetic impurities or magndifesolution
of these issues awaits measurements on single crystals whe
the influence of impuritie$both magnetic and nonmagnetic
can be better controlled than in the case of sintered samples
High-temperature thermopowéhe data above the peak
fits very well the functional formS=kg/e[Es/kgT+ B]

with the gapE;=16.3 meV andgB/e=~37.6 uV/K. Two FIG. 5. Temperature dependence of thermal conducti6),

things arg interesting about the value of the Bgp FIrSt‘.the }hermal conductivity measured at 5.7 T, and magnetothermal con-
gap obtained from the thermopower measurements is nearc}/uctivity Axlk(0)

an order of magnitude smaller than the activation gap gov-

erning the electrical resistiviti, . As originally pointed out - . .
by Mott and Davi&* and further discussed in Ref. 8, the thermal conductivity decreases rapidly and mé it ap-

2 . . . .
reason for this discrepancy is the thermal activation nature JProaches &~ variation with temperature. Whether the ulti-
the hopping transport at high temperatures. The carrier mdnateT dependence characteristic of phonon boundary scat-
bility and therefore electrical conductivity contain an expo-t€fing would be reached could only be answered by
nential term exp—(sx+Wy)/ksT], whereW,, is the hopping extending the_ measurements below 1_ K On the high-
energy, while from the perspective of the thermopower thdemperature side of the peak the conductivity decreases, pre-
hops take place between energetically equivalent sites and mably as a result of phonon-phonon umklapp scattering.

reference point for the entropy carried by the carriers is the N€r€ is @ notable break on the curve near 150 K that marks

Fermi level. This leads to the thermopower formula men-2 More rapid decrease (0) and leads to a rather sharp
minimum near 240 K. Although a small part of the rise

tioned previously, which does not contain an exponential en

ergy term. The difference between the experimentally deter@bove _240 K is due to an unavoidable radi_ation heat loss that
mined activation energies for the resistivity and we estimate as about 7% at 300 K, there is no doubt that the

thermopower is thenE,—E.=sr+Wy—sr=Wy,=106 thermal conductivity displays a clear identifying characteris-
meV. A large difference pbetwseeh‘aF andHE isFa strHong in- tic of the influence of spins on the heat transport. In this case
. b s

dication of the polaron transport with the polaron energy

given by twice the value of the hopping energy, i.e., about 1.7

212 meV. The second interesting point concerns virtually the

same magnitude of the gap enefgyobserved in Ref. 8 and 0 T=225K

in the present work. This is in spite of the facts that the

samples are structurally very different, are doped with differ- 1.6 O T=235K °

ent amounts of calcium, and are subjected to very different o

annealing cycles. If one assumes that the polaron energy re-

lates to the size of the polaron, one arrives at the conclusion

that the polaron size does not seem to be sensitive to the

preparation conditions and the doping level of the material.
Measurements of the thermal conductivity represent an (-1

attempt to study heat transport in the CMR compounds. Fig- 14

ure 5 shows the temperature dependence of thermal conduc-

tivity obtained in zero magnetic fielg(0), thermal conduc-

tivity (5.7 T) measured in the field of 5.7 T, and the 1.3 -1 L

guantity Ax/k=[k(5.7 T)—«(0)]/x(0). The general shape of 0

«(0) is that of a polycrystalline dielectric solid. Indeed, mak- H(T)

ing use of the electrical resistivity data and applying the

Wiedemann-Franz law, we estimate the electronic part of the F|G. 6. Plot of thermal conductivitx(H) vs applied magnetic

thermal conductivity to be at most 1% of the total thermalfield at 225 and 235 K. The solid curves are fits to the experimental

conductivity in the entire temperature range investigateddata usingM based on Eq(1). The following values were used

The dominant feature ok(0) at low temperatures is the di- for both temperatures:J=0.02 eV, a=8 A, and |,fH

electric peak near 35 K. At temperatures below this peak the=0)/l,,onmag 1
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it is not as much the self-localization nature of the polarondinite T, a higherH will cause a smallebM, a largerl 4, @

that impedes the energy flow associated with the charge calargerl,,, and thus a higher thermal conductivity. In Fig. 6
riers (it certainly does so, but the carrier contribution to thewe show plots of the thermal conductivity as a function of
heat flow is only a minute fraction of the total heat flobut ~ magnetic field at 225 and 235 K. The solid curves show the
rather it is the spin fluctuations that impedes the heat flow ofit to the experimental data usingV based on Eq(1) and
phonons. Measurements of the thermal conductivity in @0ood agreement between the theory and experiment is ob-
magnetic field make this point quite clear. The external magtained for both temperatures. Some deviations for the data at
netic field tends to suppress the spin fluctuations. The curvé =235 K, particularly for the points at higher fields, could

representing\«/x(0) clearly delineates the regime of strong Pe attributed to other contributions &M in addition to the
phonon-spin fluctuations scattering. thermal fluctuations, e.qg., the critical fluctuations of the mag-

Due to the presence of spin fluctuations, the phonon meaﬂetization. Referring to the temperature dependence, a peak

free pathl,, can be expressed asl 4= 1/ nonmagh 1 ma in M at the critical temperature will cause a minimum in
wherel ,onmagrepresents the phonon mean free path limitefh® thermal conductivity just as we observe in our experi-
by phonon-phonon, umklapp, phonon-impurity scattering,ment' Similar dips in the thermal concilgctlwty were observed
etc., and 4 represents that limited by phonon-spin fluctua- Previously in Co (Ref. 17 and MnO. .

tions scattering. The presence of strong phonon-spin cou- In conclusion, we have studied thermal and electrical

pling is evident in the recent study on the magnetovolumdransport properties in bulk, sintered dg&a, MnO; and
effect in La-Ca-Mn-O perovskité€.In our case, the phonons found that the charge carriers have a holelike character and

experience scattering proportional to the deviation of magneRClarons play an essential role in the carrier dynamics. We

tization (M) from its saturation value, i.e., hag have established that the carrier contribution to the heat flow

~ 8M(T,H). For a ferromagnetic spin lattice, thermal fluc- is small and the spin fluctuations are effective in scattering

tuations of the magnetizatioV (T,H) can be written 8¢ the phonons. Transport studies on well characterized single
i crystals would be most desirable because the various subtle

features of the transport would be magnified and easier to
5M(T,H)=f dk{exd (Dk*+ ugH)/kgT]—1} 1, resolve.
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