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We report the temperature dependence of the thermal conductivity «(7) of bulk polycrystalline
composite samples containing a magnetoresistive manganite (La,,Ca;3MnOs) and an electrically
insulating phase (Mn;0,). The sample porosity is shown to be a significant parameter affecting the
experimental data: after porosity correction the curves display the characteristics of an ideal
composite. A fit of the x(T) curves at low temperature using the Debye model enables the mean free
path of phonons scattered on “boundaries” to be determined. The values are on the order of the grain
size but are influenced by the grain arrangement and the presence of twins. © 2009 American

Institute of Physics. [DOI: 10.1063/1.3078796]

I. INTRODUCTION

The colossal magnetoresistance (CMR) of some
La,_,A,MnO; compounds (where A is an alkaline earth) has
attracted considerable research interest."™ In addition to the
intrinsic MR effect, polycrystalline samples display an ex-
trinsic MR effect due to the presence of grain boundaries.*®
Several groups7’8 have shown that the extrinsic MR is en-
hanced by preparing composites of a magnetoresistive man-
ganite and an insulating secondary phase. The insulating
phase acts as an additional barrier to the conduction at the
grain boundaries and increases the percolating conduction
path. In our previous work,” we have shown that well-
sintered  Laj;Cay;MnO; (LCMO)/Mn3;O,  composite
samples can be obtained with almost constant manganite
composition throughout the series. We have analyzed both (i)
the dependence of the electrical conductivity as a function of
the volume fraction of LCMO manganite phase10 and (ii) the
unusual magnetoresistive properties.11 In this paper we con-
centrate on the thermal conductivity properties of such com-
posites and analyze the influence of phonon scattering on
interfaces.

Il. PREPARATION OF SAMPLES AND THEIR
STRUCTURE

Bulk, dense LCMO/Mn;0, composite samples were
prepared by spray drying.9 The composition of the phases
was ascertained by x-ray diffraction and energy dispersive
X-ray analysis.g’10 Five samples are considered in the present
study: SI is pure LCMO, S5 is pure Mn3;O,4, and samples
S2-S4 are composites of both phases. Scanning electron mi-
croscopy (Philips XL30 Field Emission Gun—-Environmental
Scanning Electron Microscope) (Ref. 10) revealed three
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types of microstructures as the Mn;O, content increases: (i)
Mn;0, islands in a LCMO matrix, (ii) a labyrinthine pattern
of the two phases, and (iii) LCMO islands in a Mn;O, ma-
trix. The mean grain size lies in the range of 1-10 um.
Micrographs of fractured cross sections (Fig. 1) put into evi-
dence changes in surface structure with increasing Mn;Oy
content, with twins'? clearly visible in Mn;0, [Fig. 1(c)]. In
addition, all samples exhibit some porosity. The dimension-
less volume fractions of each phase, together with the pore
volume fraction,10 are shown in Table I.

lll. METHOD OF THERMAL CONDUCTIVITY
MEASUREMENT AND ITS RESULTS

The thermal conductivity was measured using the sta-
tionary heat flux method in the temperature range of 5-300
K."*'* The temperature difference along the sample was in
the range of 0.1-0.5 K. Particular care was taken to avoid a
parasitic heat transfer between the sample and its environ-
ment. The typical measurement error is below 2%, and the
surplus error estimated from the scatter in the measurement
points does not exceed 0.3%.

The temperature dependence of the thermal conductivity
k(T) measured on the LCMO/Mn;0, composite samples is
shown in Fig. 2(a), together with the thermal conductivities
of pure LCMO (S1) and pure Mn;0, (S5). These «(7) data
need to be compared to magnetic phase transition tempera-
tures: Mn;O, exhibits a ferrimagnetic-paramagnetic transi-
tion at ~42 K,15 whereas the LCMO phase exhibits a
ferromagnetic-paramagnetic transition at some Curie tem-
perature T around 250 K, depending on the exact stoichi-
ometry. The Curie temperatures of the LCMO phase in the
different samples, determined from magnetic
measurements,” are indicated by arrows in Fig. 2(a) and
listed in Table 1. For samples containing LCMO (S1-S4), a
change in slope occurs at the Curie temperature of the
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LCMO phase. Such behavior is similar to that observed on
pure CMR materials and is a consequence of the vanishing
magnetic order above TC.3 16718 For samples containing a sig-
nificant amount of Mn;0, (S3-S5), a second glitch is ob-
servable at 42 K. The clear correlation between the magnetic
phase transition temperatures and the thermal conductivity
anomalies (as small as 0.05 W/m K) underlines the low
scatter of the measurements.

IV. INTERPRETATION OF RESULTS

Next we turn to the magnitude of the thermal conductiv-
ity. Although the electrical conductivity of samples S1-S5
spans more than ten orders of magnitude,” the thermal con-
ductivities of all samples are close to each other. Since the
ceramic samples are slightly porous (cf. Table I), we correct
the «(T) data displayed in Fig. 1 for porosity using the Max-
well model.”® In a host medium (thermal conductivity o)
containing randomly distributed and randomly sized spheri-
cal pores (volume fraction f), the effective thermal conduc-

tivity ke of the sample (matrix+pores) is given by’ '
1-f
= ) 1
Keff K01+f/2 (1)

The porosity correction consists of multiplying the mea-
sured k.(7) data by the factor (1+f/2)/(1—f). The resulting
values—i.e., the x(7) data that would be obtained in a 100%
dense material—are plotted in Fig. 2(b). A log-log scale is
used in order to better show the fitted curves (dashed lines)
described in the paragraph below. Remarkably, after the po-
rosity correction, all curves almost cross each other at T*
~70 K. Physically, a crossing point shows that at the tem-

TABLE I. The volume fraction of each phase, together with the pore volume
fraction measured by Archimedes’s method. The last column shows the
Curie temperature 7 of the LCMO phase.

LCMO Mn;04 Pore

volume fraction  volume fraction  volume fraction Tc
Sample (%) (%) %) (K)
S1 89 0 11 258
S2 91 4 5 256
S3 55 44 2 251
S4 12 66 22 217
S5 0 79 21
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FIG. 1. Scanning electron microscopy pictures of frac-
tured cross sections of samples (a) S1 (pure LCMO),
(b) S3 (composite), and (c) S5 (pure Mn;0,).

perature 7* where the two separate phases (LCMO and
Mn;0,) have the same thermal conductivity «*, all compos-
ites of the two phases are also characterized by a thermal
conductivity «*. In our composites, the real distribution and
shape of the pores may differ from those assumed in Eq. (1),
and a perfect crossing is not expected. The deviation from
this ideal behavior, however, is surprisingly small and under-
lines the importance of the porosity correction.

Now we analyze the low-temperature behavior of the
thermal conductivity, which can be considered as the sum of
the contributions carried by phonons («,y), conduction elec-
trons (k,), and magnons (Kmagn), i-€., K=Kpy+Ke+ Kmagn.zz
The temperature dependence of the electronic thermal con-
ductivity «.(7T) was estimated by assuming the validity of the
Wiedemann—Franz law: «.(T)=L,T/p(T), where L, denotes
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FIG. 2. (Color online) (a) Temperature dependence of the thermal conduc-
tivity of LCMO (S1), Mn;0, (S5), and composites of both phases (S2-S4).
The arrows indicate the Curie temperatures of Mn;O, and the LCMO phase.
(b) Same data corrected for porosity using the Maxwell model and plotted in
a log-log scale. Dashed lines: fit using the Debye model.
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TABLE II. Fitting parameters of experimental data for the manganite/oxide composite samples using the Debye model.

B P D U a Upp [4 Ay
Sample (s E (s*K7) (s?) (sK™ (K) (ms™) (K) (um)
St 24X 108 3.8% 107 100 2200 3.5%10° 152 4000 450 17.0
S2 5.6% 108 2.5% 107 8500 2400 8.5% 10° 200 4250 450 7.6
S3 24X 10° 5.0 10° 15 500 2250 4.0% 10° 200 3900 450 1.6
S4 2.2%10° 9.0 107 16 000 2400 3.0 107 210 3200 450 15
S5 2.2%10° 74107 18 000 2400 3.5% 107 190 3200 450 L5

the Lorenz number (Ly=2.44X 10" W Q K™2) and p(7) is
the electrical resistivity. The resulting «.(7) values are
smaller than 1% of the total thermal conductivity and will be
neglected. Due to the same statistics for magnons and
phonons, Kp,,q, cannot be separated easily from the total ther-
mal conductivity, unless high magnetic fields are used.Z** In
the case of a linear dispersion law of magnons, however,
their final contribution to the thermal conductivity is de-
scribed by the Debye integral25 as in the case of phonons,

ie.,
o/T o
k=GT? f 3 audx, (2)
o 7 sinh“(x/2)
where x=%w/kgT (hw is the phonon energy), G is a constant,
6 is the Debye temperature, and 77! is the sum of inverse
relaxation times for various phonon scattering processes:
T‘1=27'i_1, where 7,=7,, 7., T4, TN, and 7y denote, respec-
tively, the relaxation times for phonon scatterings on grain
boundaries, on conduction electrons, and on defects, and for
normal scattering and umklapp scattering. Simple depen-
dences of the relaxation times on w and 7 are assumed,
namely, TglzB, Te'lew, T(_11=Dw4, T;ﬁzP(wT)3, and T['Jl
=Uw’T exp[-a/T], where B, E, D, P, U, and a are
constants.”

In Fig. 2(b) we illustrate how Eq. (2) fits our experimen-
tal data (dashed curves). The agreement with the Debye
model is excellent in the temperature range of 5-100 K for
samples S1 and S2 and in the range of 5-50 K for S3-S5.
The constants B, E, P, D, and U, obtained from the fitting
procedure, are shown in Table II. Although a wide interval of
magnitudes was allowed for the sound velocity v, (confined
in the interval of 1000—5000 m/s) and the Debye temperature
0 (350-450 K), the final values of these parameters are sur-
prisingly close to each other and are in good agreement with
literature data.’®?” The mean free paths of the phonons scat-
tered by grain boundaries (A,) were determined from 7, and
vn (Ap=7yy,) and are listed in Table II. Although all
samples are characterized by similar average grain sizes
(1-10 wm), the Ay values are found to decrease with in-
creasing Mn;O, content. This feature can be qualitatively
explained by observing micrographs of fractured samples
(Fig. 1). In sample S1 [Fig. 1(a)], the grains are so well
connected that grain boundaries cannot be distinguished.
This correlates the fact that the mean free path (~17 um) of
phonons scattered by boundaries exceeds the mean grain
size. In sample S3, the large number of interfaces between
ellipsoidal grains is clearly visible [Fig. 1(b)]. The phonons
are thus effectively scattered by grain boundaries and the A

value matches the grain size (1-2 wm). In sample S5, the
Ay value (~1.5 wm) is smaller than the grain size
(5-10 wm), which suggests that twins in Mn;O, grains may
act as scattering interfaces for phonons. These characteristics
may indicate that the relevant length scale determining the
scattering of phonons on “interfaces” is not necessarily the
size of the grains but strongly depends on the grain structure
and connectivity.

The prospect of spin injection and other devices depends
strongly on the development of reliable technology for high-
quality composite structures of CMR, dielectric, and also
high-temperature superconducting materials. The electric and
magnetic properties of the systems are significantly influ-
enced by growth peculiarities such as interface smoothness,
atomic interdiffusion, and phase distribution. It has been in-
dicated above that porosity is to be considered, and the more
so if thermal properties are to be considered or are of tech-
nical interest.

V. FINAL REMARKS

The thermal conductivity data «(7) measured on bulk,
dense LCMO/Mn;0,4 composite samples containing various
proportions of both phases allowed us to highlight two sig-
nificant features. First, in the temperature range where the
thermal conductivity of LCMO is close to that of Mn;Oy, the
thermal conductivities of all samples are the same, as ex-
pected in an ideal composite, provided that an appropriate
porosity correction is applied. This fact emphasizes the im-
portance of properly estimating the porosity in such compos-
ites. Second, a curve fit of the low-temperature part of «(7)
using the Debye model suggests that the mean free path of
phonons scattered on “boundaries” is on the order of the
grain size, but is also influenced by the grain arrangement
and by the presence of twins.
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