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Thermal Conductivity of Manganite Perovskites: Colossal Magnetoresistance
as a Lattice-Dynamics Transition
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We present the thermal conductivity) of several manganite perovskite compounds at temperatures
10-350 K and fields up to 6 T. In the metallic phagebehaves as expected for a crystalline solid.
In the high-temperature insulating phase, howewek,/dT > 0, the behavior of an amorphous
solid. Unlike amorphous solids{x/dT > 0 here is related not to quenched structural disorder but
rather to unusually large dynamic lattice distortions accompanying charge transport. Thus, “colossal
magnetoresistance” in the manganite perovskites is characterized as a transition between regimes of
different lattice dynamics. [S0031-9007(97)03158-X]

PACS numbers: 75.50.Cc, 63.90.+t, 72.15.Eb

The manganite perovskite compounds which displaylhe stoichiometries of the crystals, determined by elec-
colossal magnetoresistance (CMR) [1] have attracted mudhon microprobe analysis and wet chemical analysis, are
attention for their possible use in magnetic reading aptagez2)Ply3s2)MNO; and La 20(1)Ndo.402) Py .422)MNOs,
plications. The effect which gives rise to CMR in theseand agree well with the stoichiometries expected from
compounds is also a unigue type of metal-insul@idr/) starting compositions LgPhy4sMnO; and La,Ndy4-
transition. Although the electronic transport has been welPhy4sMnO;. Single crystal x-ray diffraction studies show
studied in these systems, the thermal transport is less wehat La ¢Phy4MnO; crystallizes in trigonal symmetry
understood. Several measurements, including the Debyéspace groupR3C; a = 5.502(2), ¢ = 13.397 A; cell
Waller factor [2], the pair distribution function [3], and volume/formula unit: 61.03 A3) whereas Lg;Ndy4-
the isotopic-substitutio, shift [4] demonstrate the role Phy4MnO; crystallizes in an orthorhombic structure
of electron-lattice coupling in CMR. Such coupling should (space groupPnma; a = 5.460(1); b = 5.499(2); and
also be evident in thermal transport, and we have measured= 7.740(4); cell volume/formula unit = 58.09 A%).
the thermal conductivity as a function of temperature and The La;Ndy4PhysMnO; and Lg¢Plhy4MnO; crystals
magnetic field to investigate the dual effects of electrondiave 7. = 270 and 350 K, respectively and the rela-
and phonons at what is usually characterized as either tionship between?,. and lattice constant is consistent
magnetic-nonmagnetic or metal-insulator transition leadwith previous work [7,8]. The polycrystalline samples
ing to CMR. of La;—,Ca.MnO; were synthesized by standard solid

The samples studied have the general fornfyla.Dx-  state reaction at 120 starting from high purity LzOs,
MnO;, whereT is trivalent, and a divalent cation. Away SrCG;, and MnQ. These samples havgé. = 170 and
from the ferromagnetic critical region, we find two distinct 270 for x = 0.1 and 0.2, respectively. The Ca-doped
types of behavior. In the low-temperature metallic state, samples contain different amounts of the dopant iofifCa
displays the usual behavior of anderedsolid—a rise in  so they differ in the degree &iand filling[9]. In contrast,
x(T) as temperature is lowered below the Debye vélye the Pb-doped samples contain the same amount of Pb
In the high-temperature insulating state, howeve(T)  dopant but different amounts of Ridwhich modifies only
displays behavior characteristic of phonon scattering in athe lattice constant—hence they differ by theémdwidth
amorphoussolid (dx/dT > 0) [5]. Because it occurs in Thermal conductivity was measured using differential
single crystals, however, the behavior cannot be due t&-type thermocouples and a thin-film heater. Typical
quenched structural disorder as in amorphous materialsample dimensions wedex 1 X 4 mm®. The maximum
Instead,dx/dT > 0 can be related empirically to the temperature gradient across the sample was 1% of the
very large anharmonic lattice distortions inferred from thebase temperature. We estimate=&% uncertainty in
Debye-Waller factor. These results place the manganitethe geometrical factor used to convert conductance to
in a unique class of materials from the standpoint of latticeconductivity.
dynamics. We also find that on entering the metallic state, In Fig. 1, «(T) is shown for each of the compounds.
«(T) rises sharply and this rise is strongly modified by anThe first thing to notice is the magnitude ef7) which
applied magnetic field. lies in the range 0.5-5 WnK typical for amorphous

Single crystals ofLa, PhMnO; and(La, Nd, PhMnO;  materials [5]. The magnitude ot in the two highx
were grown from 3:1 wt % of PbO and PbHux [6]. samples is approximately equal in the paramagnetic region.
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are related through the electron density. By attributing

10 ———
i o(T) to changes in electron density and using Eq. (1)

I N 1 '
® La  Pb, MnO, - xtal
O Lag,Cay,MnO, - poly

® LaNd, .Pb, MnO, - xtal one finds thak(T) is proportional to exp-A/T) where

Nw poly Ay ~ 0.1 — 0.3 eV is the transport gap. Fitting(T) to
- ® o} o such an expression yields extremely poor fits to the high
000000000% - temperature data. Another possible contribution«{@)
is from magnons, but the absence of any feature (ifi)
atT. in LayyCa 1 MnO; suggests that such a contribution
is negligible.
A clue to the positivedx/dT at high temperatures is
1 found in recent measurements of the neutron scattering
Lo g 199 T=350K 1 pair distribution function (PDF) [3]. These show that for
| - vé 50 ] La;—,CaMnO; (x = 0.20, 0.25) a transition from a high-
i Y / 1 temperature state with disordered Mn-O and O-O bond
- T lengths to a Io_w-temperature state WiFh a uniform bond
01 T R T length distribution. The bond disorder is ascribed to elec-
0 100 200 300 400 tron hopping, a process which involves real-space displace-
T (K) ment of large Jahn-Teller distortédt') Mn-O octahedra by
FIG. 1. Thermal conductivityx for four different mangan- undlstorted(d3)' octahedra. In'the FM state, O.n the' other
ite perovskite samples. The arrows denote the ferromagneti'@and' the carriers are delocalized, and any distortion will

transition temperature. The three samples possessing a shd?g uniformly averaged over Mn-O sites. This study com-
change inx(T) at T, also undergo a metal-insulator transi- plements the neutron scattering study of the Debye-Waller

tion. The dashed lines represent an exponential temperatufgctor [2], which shows that anharmonic distortions exist in

dependencec = o exp7/350), with x, values described in ) metallic and insulating regimes. While the PDF mea-

the text. The inset shows the electrical conductivityersus A

x, at 350 K for the four samples. surements address the static distribution of bond lengths
(on the time scale of the scattering event), one expects dy-
namic effects as well. In particular, since the Jahn-Teller

Since these are both the optimally doped members diistortion is large but destabilized by doping it is natu-

their respective families, this agreement suggests that tH&! 10 €xpect strong phonon-phonon as well as electron-
measuredk’s are intrinsic and not severely affected by phonor_1 scattering at short Wave_zlgngths. The effec'g of such
grain-boundary scattering. The slope of (egvs T in scattering on thermal conductivity can be made in con-

the high-temperature region is similar among three of thdrast to amorphous solids s_uch as vitreous silica or stain_-
samples and can be parametrized by the expressien less steel, where a monotonic temperature dependence with

Ko €Xp(T/T,), whereT, = 355 K and ko = 0.95, 0.36, dx/dT >0 ifs, ascribeq to quenched disorder extgnding
and 0.29 (WmK), as shown by dashed lines in Fig. 1. down to thg inter-atomic Iength scale_z [5]. Su.ch'dlsorder
We discuss firstg(T) for T > T.. A positivedx/dar  drastically inhibits the evolution of with T—this is re-
at temperatures of ordetp is unusual since the high- flected in the tracking of (7') and«(T') above a “plateau”
temperature thermal conductivity in crystalline insulators'®9ion (~100 K, wherel is comparable to a structural cor-

is almost always a decreasing function of temperaturd€lation length [5,10]). In fact, in the manganites(7’)
This follows from the kinetic expression for thermal @1d«(7) do have similar temperature dependences in the
conductivity region above 250 K [11]. However, these are also single

crystals, so there is no reason to believe thatthe corre-
k = NCvl, (1)  spondence arises from effectscpfenchedlisorder. In ad-
dition, thedx /dT > 0 behavior disappears abruptlyZt,
whereN is the number of thermal carrier€, the specific  where the unit cell undergoes only a modest size change,
heat, v the group velocity (usually assumed to be con-instead of the gross changes expected for an amorphous-
stant), and the mean free path. Abow,, phonons give crystalline transition.
dk/dT ~ 1/T? whereq = 1-2, due to phonon-density = We now show that the diffraction data suggest a
dependence dfand a constanf(T) = Cpp, the Dulong-  description of the high-temperature behavior ©fT)
Petit value. For metals, the electrons usually dominatesolely in terms of phonons. A natural extension of Eq. (1)
hencex(T > 0p) = const, sinceC(T) « T [5]. Clearly, relatesanharmoniclattice vibrations to a phonon-phonon
(T > T.) in the manganites is not described by the usuakcattering time. Leibfried and Schiémann have shown
high-temperature electron or phonon processes. that for T = 6p, cubic terms in the lattice potential
It is tempting to attribute the anomaloudT > T.)  energy lead to an expression of the form
to electrons. In factx(T) and o(T) = 1/p(T) (p is 3
resistivity) scale with each other at 350 K (inset Fig. 1), o AMCopbp B
within their respective doping families, suggesting they yiT
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wherea is the lattice constantyl is the mass per atom, P S——

and y the Gruneisen coefficient [12]. This expression P o "

has been used to describe dependencesc afn 6p < ofseq ;

among different materials and yields estimates correct § BTN LT S .

within factors of 2—4 for a broad range of materials and < H=6 " oo, oo & #

x values [5,13] wherey is usually assumed to be a L o et

constant between 2 and 3. However, neutron scattering , i :

measurements of kasCa3sMnO; by Dai et al. show T

that an effectivey extracted from the Debye-Waller factor £ 002 = H=0 . ﬁ‘“::ff:g'-

W, is not only much larger than usual, but also varies é S U ISRRTLLL

strongly with temperature [2]. One can estimat€l’) S ool ¢ H=eT L v '

using the relationshipy = palnW/aInV whereV is !;‘:;:o

the unit-cell volume and the constapt= 1 (0.5) in the - ‘_"_”_”“"'“"I.x"

limit where T < 6 (>6p) [14]. Using experimental T 0T magnetoresisnce o vt

values of W(T) and V(T) [15] for LaygsCayszsMnOs, & 2f o electical o %o, .

and the high-temperature value pf one finds thaty € o hemalk®) ° e %ontes

decreases fromi80 * 10 to 120 = 10 between 250 and g 009 00° 2223..3' _ ©%8e0e5,
=~ ?50 200 250 300 350

350 K. This leads to a 50% increase(iy?T) "' in rough
agreement with the observed (30—70)% increase(if) Temperature (K)

over the same temperature range. Many approximationsig. 2. Upper frame: Thermal conductivity versus tem-
have gone into the derivation of Eq. (2), and therefore itgerature for Lg,Ndy4PhsMnO; at three different values of
strict quantitative validity in the case of the manganiteapplied magnetic field. Middle frame: Electrical resistivity
perovskites is questionable. However, it does strongly’(T) versus temperature for four different values of applied

gnetic field. The vertical dashed lines span a temperature
suggest that the anomalous temperature dependence ;gﬁge wherex(T) and p(T) display behavior opposite to that

k(T > T.) can be related to local anharmonic lattice of the Wiedemann-Franz law. Bottom frame: The electrical
distortions. and thermal magnetoresistance, at 6 T, normalized to the high-
In the critical regionk(T) abruptly increases on en- field value.
tering the metallic state. If this is this solely due to
conduction electrons there should be a Wiedemann-Frarthis peak to a crossover from umklapp-limited to defect-
(W-F) correspondence between(T) and the change in limited scattering [17]. At 50 K| equals a characteristic
k(T) nearT.. In Fig. 2 we plotp(T) and «(T) for inter-defect spacing and stops evolving ass lowered.
Lag,Ndy4Phy4sMnO; and notice a large temperature re- Below 50 K (Casimir limit) k(T') is dominated byC(T)
gion near7,. wherep and x behave contrary to the W-F via Eq. (1).
expressionkp = (7%/3) (kg/e)*T. One also finds that The dependence af(T) on magnetic field is shown for
the measured Lorenz numbér,..s = xp/T varies by the La,Ndy4+Phy4sMnO; sample in Fig. 2. Here we see
over an order of magnitude, from®~7 to 107® W/Q K?>  that nearT,, x(T) changes by about 30% in a 6 T field
in the region 200 to 250 K, always exceeding the Fermiwith respect to the zero-field value &t= 265 K. This
gas value(2.4 X 1078 W/Q K?). This is probably due is, to our knowledge, the largest field-induced change in
to the resistivity which exceeds the loffe-Regel criterion.thermal conductivity of any system near room temperature.
Thus, the large change inis, most likely, onlyindirectly  For L&) ;Ca 3MnO; and La ¢Ph)4sMnO; the changes ir
related to the decrease jin at 6 T are 50% at 240 K and 10% at 340 K, respectively.
The above discussion leads to the following descriptiorClearly the field effect varies witli,., similar to the elec-
of x(T) in the region belowT.. Here there can be trical magnetoresistance. This can be understood from the
two different processes leading to the risexfi’) asT  above discussion. A%, decreases, the amount of struc-
decreases fof' < T.. The first is due to the reduction tural disorder due to localized carriers also increases and
in phonon-phonon scattering due to local Jahn-Telletherefore«(7.) decreases. When the system transforms
disorder as suggested by the PDF data. The second iisto a metal, either by lowering temperature or by apply-
an enhanced electron contribution due to the reduction img a magnetic field, the reduction in disorder is therefore
electron-phonon scattering. Both of these effects refleagreater, the lower th&.. In the bottom part of Fig. 2 we
the restoration of crystallinity as Jahn-Teller distortionscompare the field-induced changes in the resistance, both
become delocalized along with the charge carriers. TAs thermal and electrical. As already implied by the zero-
decreases further, the more gradual risec{ff) is most field behavior, the peaks occur at different temperatures,
likely due to a reduction in umklapp scattering. The riseillustrating that the two scattering processes are indirectly
is much weaker than in very pure crystals, presumablyelated via electron-phonon coupling, not directly via a
due to disorder on the lanthanide site. A maximum inWiedemann-Franz relationship.
x(T) is reached aT' = 50 K, and by analogy to studies In conclusion, we have shown that the manganite
of the effect of impurities in crystals [5,16], we attribute perovskites display a large anomaly #n associated with
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the M-I transition. This anomaly signals a transition [6] A.H. Morrish, B.J. Evans, J. A. Eaton, and L.K. Leung,
between regimes of different lattice dynamics which Can. J. Phys47, 2691 (1969).
implies that the CMR transition is not purely electronic [7] H. Hwang, S-W. Cheong, P.G. Radaelli, M. Marezio, and
in origin. B. Batlogg, Phys. Rev. Let5, 914 (1995).
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