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Thermal Conductivity of Manganite Perovskites: Colossal Magnetoresistance
as a Lattice-Dynamics Transition

D. W. Visser* and A. P. Ramirez†

Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974

M. A. Subramanian
DuPont Central Research and Development, Experimental Station, Wilmington, Delaware 19880-0

(Received 20 February 1997)

We present the thermal conductivityskd of several manganite perovskite compounds at temperatur
10–350 K and fields up to 6 T. In the metallic phase,k behaves as expected for a crystalline solid
In the high-temperature insulating phase, however,dkydT . 0, the behavior of an amorphous
solid. Unlike amorphous solids,dkydT . 0 here is related not to quenched structural disorder bu
rather to unusually large dynamic lattice distortions accompanying charge transport. Thus, “colo
magnetoresistance” in the manganite perovskites is characterized as a transition between regim
different lattice dynamics. [S0031-9007(97)03158-X]

PACS numbers: 75.50.Cc, 63.90.+ t, 72.15.Eb
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The manganite perovskite compounds which disp
colossal magnetoresistance (CMR) [1] have attracted m
attention for their possible use in magnetic reading a
plications. The effect which gives rise to CMR in the
compounds is also a unique type of metal-insulatorsM-Id
transition. Although the electronic transport has been w
studied in these systems, the thermal transport is less
understood. Several measurements, including the Deb
Waller factor [2], the pair distribution function [3], and
the isotopic-substitutionTc shift [4] demonstrate the role
of electron-lattice coupling in CMR. Such coupling shou
also be evident in thermal transport, and we have meas
the thermal conductivityk as a function of temperature an
magnetic field to investigate the dual effects of electro
and phonons at what is usually characterized as eith
magnetic-nonmagnetic or metal-insulator transition lea
ing to CMR.

The samples studied have the general formulaT12xDX-
MnO3, whereT is trivalent, andD a divalent cation. Away
from the ferromagnetic critical region, we find two distin
types of behavior. In the low-temperature metallic statek

displays the usual behavior of anorderedsolid—a rise in
ksTd as temperature is lowered below the Debye valueuD.
In the high-temperature insulating state, however,ksT d
displays behavior characteristic of phonon scattering in
amorphoussolid sdkydT . 0d [5]. Because it occurs in
single crystals, however, the behavior cannot be due
quenched structural disorder as in amorphous mater
Instead,dkydT . 0 can be related empirically to the
very large anharmonic lattice distortions inferred from t
Debye-Waller factor. These results place the mangan
in a unique class of materials from the standpoint of latt
dynamics. We also find that on entering the metallic sta
ksTd rises sharply and this rise is strongly modified by
applied magnetic field.

Single crystals ofsLa, PbdMnO3 andsLa, Nd, PbdMnO3

were grown from 3:1 wt % of PbO and PbF2 flux [6].
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The stoichiometries of the crystals, determined by ele
tron microprobe analysis and wet chemical analysis,
La0.62s2dPb0.38s2dMnO3 and La0.20s1dNd0.40s2dPb0.42s2dMnO3,
and agree well with the stoichiometries expected fro
starting compositions La0.6Pb0.4MnO3 and La0.2Nd0.4-
Pb0.4MnO3. Single crystal x-ray diffraction studies show
that La0.6Pb0.4MnO3 crystallizes in trigonal symmetry
(space groupR3C; a  5.502s2d, c  13.397 Å; cell
volumeyformula unit: 61.03 Å3) whereas La0.2Nd0.4-
Pb0.4MnO3 crystallizes in an orthorhombic structur
(space groupPnma; a  5.460s1d; b  5.499s2d; and
c  7.740s4d; cell volumeyformula unit  58.09 Å3).
The La0.2Nd0.4Pb0.4MnO3 and La0.6Pb0.4MnO3 crystals
have Tc  270 and 350 K, respectively and the rela
tionship betweenTc and lattice constant is consisten
with previous work [7,8]. The polycrystalline sample
of La12xCaxMnO3 were synthesized by standard sol
state reaction at 1200±C starting from high purity La2O3,
SrCO3, and MnO2. These samples haveTc  170 and
270 for x  0.1 and 0.2, respectively. The Ca-dope
samples contain different amounts of the dopant ion Ca21,
so they differ in the degree ofband filling[9]. In contrast,
the Pb-doped samples contain the same amount of
dopant but different amounts of Nd31 which modifies only
the lattice constant—hence they differ by theirbandwidth.

Thermal conductivity was measured using different
E-type thermocouples and a thin-film heater. Typic
sample dimensions were1 3 1 3 4 mm3. The maximum
temperature gradient across the sample was 1% of
base temperature. We estimate a65% uncertainty in
the geometrical factor used to convert conductance
conductivity.

In Fig. 1, ksT d is shown for each of the compounds
The first thing to notice is the magnitude ofksT d which
lies in the range 0.5–5 WymK typical for amorphous
materials [5]. The magnitude ofk in the two high-k
samples is approximately equal in the paramagnetic reg
© 1997 The American Physical Society 3947
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FIG. 1. Thermal conductivityk for four different mangan-
ite perovskite samples. The arrows denote the ferromagn
transition temperature. The three samples possessing a s
change inksT d at Tc also undergo a metal-insulator trans
tion. The dashed lines represent an exponential tempera
dependencek  k0 expsTy350d, with k0 values described in
the text. The inset shows the electrical conductivitys versus
k, at 350 K for the four samples.

Since these are both the optimally doped members
their respective families, this agreement suggests that
measuredk’s are intrinsic and not severely affected b
grain-boundary scattering. The slope of logskd vs T in
the high-temperature region is similar among three of t
samples and can be parametrized by the expressionk 
k0 expsTyTkd, whereTk  355 K and k0  0.95, 0.36,
and 0.29 (WymK), as shown by dashed lines in Fig. 1.

We discuss first,ksT d for T . Tc. A positivedkydT
at temperatures of orderuD is unusual since the high-
temperature thermal conductivity in crystalline insulato
is almost always a decreasing function of temperatu
This follows from the kinetic expression for therma
conductivity,

k  NCyl , (1)

whereN is the number of thermal carriers,C the specific
heat, y the group velocity (usually assumed to be co
stant), andl the mean free path. AboveuD, phonons give
dkydT , 1yTq whereq ø 1 2, due to phonon-density
dependence ofl and a constantCsTd  CDP , the Dulong-
Petit value. For metals, the electrons usually domina
henceksT . uDd ~ const, sinceCsT d ~ T [5]. Clearly,
ksT . Tcd in the manganites is not described by the usu
high-temperature electron or phonon processes.

It is tempting to attribute the anomalousksT . Tcd
to electrons. In fact,ksTd and ssT d ; 1yrsT d (r is
resistivity) scale with each other at 350 K (inset Fig. 1
within their respective doping families, suggesting the
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are related through the electron density. By attributin
ssTd to changes in electron density and using Eq. (
one finds thatksT d is proportional to exps2DtryT d where
Dtr , 0.1 2 0.3 eV is the transport gap. FittingksT d to
such an expression yields extremely poor fits to the hi
temperature data. Another possible contribution toksT d
is from magnons, but the absence of any feature inksT d
at Tc in La0.9Ca0.1MnO3 suggests that such a contributio
is negligible.

A clue to the positivedkydT at high temperatures is
found in recent measurements of the neutron scatter
pair distribution function (PDF) [3]. These show that fo
La12xCaxMnO3 (x  0.20, 0.25) a transition from a high-
temperature state with disordered Mn-O and O-O bo
lengths to a low-temperature state with a uniform bon
length distribution. The bond disorder is ascribed to ele
tron hopping, a process which involves real-space displa
ment of large Jahn-Teller distortedsd4d Mn-O octahedra by
undistortedsd3d octahedra. In the FM state, on the othe
hand, the carriers are delocalized, and any distortion w
be uniformly averaged over Mn-O sites. This study com
plements the neutron scattering study of the Debye-Wal
factor [2], which shows that anharmonic distortions exist
both metallic and insulating regimes. While the PDF me
surements address the static distribution of bond leng
(on the time scale of the scattering event), one expects
namic effects as well. In particular, since the Jahn-Tell
distortion is large but destabilized by doping it is natu
ral to expect strong phonon-phonon as well as electro
phonon scattering at short wavelengths. The effect of su
scattering on thermal conductivity can be made in co
trast to amorphous solids such as vitreous silica or sta
less steel, where a monotonic temperature dependence
dkydT . 0 is ascribed to quenched disorder extendin
down to the inter-atomic length scale [5]. Such disord
drastically inhibits the evolution ofl with T—this is re-
flected in the tracking ofCsT d andksT d above a “plateau”
region (,100 K, wherel is comparable to a structural cor
relation length [5,10]). In fact, in the manganites,CsT d
andksTd do have similar temperature dependences in t
region above 250 K [11]. However, these are also sing
crystals, so there is no reason to believe that theC-k corre-
spondence arises from effects ofquencheddisorder. In ad-
dition, thedkydT . 0 behavior disappears abruptly atTc,
where the unit cell undergoes only a modest size chan
instead of the gross changes expected for an amorpho
crystalline transition.

We now show that the diffraction data suggest
description of the high-temperature behavior ofksT d
solely in terms of phonons. A natural extension of Eq. (
relatesanharmoniclattice vibrations to a phonon-phonon
scattering time. Leibfried and Schlömann have show
that for T $ uD, cubic terms in the lattice potential
energy lead to an expression of the form

k ~
aMCDPu

3
D

g2T
, (2)
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wherea is the lattice constant,M is the mass per atom
and g the Gruneisen coefficient [12]. This expressio
has been used to describe dependences ofk on uD

among different materials and yields estimates corr
within factors of 2–4 for a broad range of materials a
k values [5,13] whereg is usually assumed to be
constant between 2 and 3. However, neutron scatte
measurements of La0.65Ca0.35MnO3 by Dai et al. show
that an effectiveg extracted from the Debye-Waller facto
W , is not only much larger than usual, but also vari
strongly with temperature [2]. One can estimategsT d
using the relationshipg  p≠ ln Wy≠ ln V where V is
the unit-cell volume and the constantp  1 (0.5) in the
limit where T ø uD s¿uDd [14]. Using experimental
values of W sTd and V sT d [15] for La0.65Ca0.35MnO3,
and the high-temperature value ofp, one finds thatg
decreases from180 6 10 to 120 6 10 between 250 and
350 K. This leads to a 50% increase insg2T d21 in rough
agreement with the observed (30–70)% increase inksT d
over the same temperature range. Many approximati
have gone into the derivation of Eq. (2), and therefore
strict quantitative validity in the case of the mangan
perovskites is questionable. However, it does stron
suggest that the anomalous temperature dependenc
ksT . Tcd can be related to local anharmonic lattic
distortions.

In the critical regionksTd abruptly increases on en
tering the metallic state. If this is this solely due
conduction electrons there should be a Wiedemann-Fr
(W-F) correspondence betweenrsT d and the change in
ksTd near Tc. In Fig. 2 we plot rsT d and ksT d for
La0.2Nd0.4Pb0.4MnO3 and notice a large temperature r
gion nearTc wherer andk behave contrary to the W-F
expressionkr  sp2y3d skByed2T . One also finds that
the measured Lorenz numberLmeas  kryT varies by
over an order of magnitude, from1027 to 1026 WyV K2

in the region 200 to 250 K, always exceeding the Fer
gas values2.4 3 1028 WyV K2d. This is probably due
to the resistivity which exceeds the Ioffe-Regel criterio
Thus, the large change ink is, most likely, onlyindirectly
related to the decrease inr.

The above discussion leads to the following descript
of ksTd in the region belowTc. Here there can be
two different processes leading to the rise inksTd as T
decreases forT & Tc. The first is due to the reduction
in phonon-phonon scattering due to local Jahn-Te
disorder as suggested by the PDF data. The secon
an enhanced electron contribution due to the reduction
electron-phonon scattering. Both of these effects refl
the restoration of crystallinity as Jahn-Teller distortio
become delocalized along with the charge carriers. AT
decreases further, the more gradual rise inksT d is most
likely due to a reduction in umklapp scattering. The ri
is much weaker than in very pure crystals, presuma
due to disorder on the lanthanide site. A maximum
ksTd is reached atT ø 50 K, and by analogy to studie
of the effect of impurities in crystals [5,16], we attribut
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FIG. 2. Upper frame: Thermal conductivityk versus tem-
perature for La0.2Nd0.4Pb0.4MnO3 at three different values of
applied magnetic field. Middle frame: Electrical resistivit
rsT d versus temperature for four different values of applie
magnetic field. The vertical dashed lines span a tempera
range whereksT d and rsTd display behavior opposite to tha
of the Wiedemann-Franz law. Bottom frame: The electric
and thermal magnetoresistance, at 6 T, normalized to the h
field value.

this peak to a crossover from umklapp-limited to defe
limited scattering [17]. At 50 K,l equals a characteristic
inter-defect spacing and stops evolving asT is lowered.
Below 50 K (Casimir limit)ksT d is dominated byCsT d
via Eq. (1).

The dependence ofksTd on magnetic field is shown for
the La0.2Nd0.4Pb0.4MnO3 sample in Fig. 2. Here we see
that nearTc, ksTd changes by about 30% in a 6 T fiel
with respect to the zero-field value atT  265 K. This
is, to our knowledge, the largest field-induced change
thermal conductivity of any system near room temperatu
For La0.7Ca0.3MnO3 and La0.6Pb0.4MnO3 the changes ink
at 6 T are 50% at 240 K and 10% at 340 K, respective
Clearly the field effect varies withTc, similar to the elec-
trical magnetoresistance. This can be understood from
above discussion. AsTc decreases, the amount of stru
tural disorder due to localized carriers also increases
thereforeksTcd decreases. When the system transfor
into a metal, either by lowering temperature or by app
ing a magnetic field, the reduction in disorder is therefo
greater, the lower theTc. In the bottom part of Fig. 2 we
compare the field-induced changes in the resistance, b
thermal and electrical. As already implied by the zer
field behavior, the peaks occur at different temperatur
illustrating that the two scattering processes are indirec
related via electron-phonon coupling, not directly via
Wiedemann-Franz relationship.

In conclusion, we have shown that the mangan
perovskites display a large anomaly ink, associated with
3949
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the M-I transition. This anomaly signals a transitio
between regimes of different lattice dynamics whic
implies that the CMR transition is not purely electroni
in origin.
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