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Abstract

The thermal conductivity k(7) has been measured for sintered-Lag 5051y 50MnO;3; (S-LSMO) and Ndg 50Srg.50MnO3
fabricated by the floating zone method (FZ-NSMO) in magnetic fields up to 5 T. Both crystals commonly show a first
order transition from the ferromagnetic (FM) to the antiferromagnetic (AF) phase with decreasing temperature and
k(T) shows seemingly similar reductions just below the Néel temperature 7N in zero magnetic field. The field
dependence of «(7T) is, in contrast, quite different. (7)) of FZ-NSMO increases over the entire temperature range below
Tn in applied fields because of the electronic-component (k) enhancement. For S-LSMO, where the heat conduction is
mainly due to phonons, x(7') hardly depends on the magnetic field except for the change corresponding to the T’y shift.
Analyses suggest that the phonon scattering by conduction electrons is very strong in the metallic FM phase of FZ-
NSMO. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction exchange, charge order (CO), orbital order (OO)

and Jahn—Teller effect [1-3]. A typical manganese

A series of distorted perovskite manganese
oxides of the formula, RE;_yAEyMnO; (RE:
lanthanide earth ions, AE: alkaline earth ions),
exhibit a variety of dramatic physical properties as
a result of various competing interactions such as
double exchange, antiferromagnetic (AF) super-
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oxide such as La;_yCayMnO; shows a phase
transition from a paramagnetic insulating (PM-I)
state to a ferromagnetic metallic (FM-M) state
upon cooling for 0.20<X <0.45 and exhibits
colossal magnetoresistance [4,5]. For further car-
rier doping at around X =0.5 with Mn®"/
Mn*" ~1:1, the FM-M state becomes un-
stable against the AF state, which has been
intensively studied for Ndgs50Srg50MnOs [6,7],
PI‘O.S()SI‘O.S()MHO3 [6], La0.5OSr0.50MnO3 [8] and so
on. Among these systems, the Nd;_ySryMnO;
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(NSMO) system is a typical one well investigated
at around X = 0.5, where the magnetic, structural
and electronic structures are rather complicated
[6,9]. The X =0.50 sample of NSMO shows a
FM-M state below T.~270K and transforms to
an AF insulating state below Tn= 150 K with the
CE-type magnetic structure with CO. Recently,
the complicated phase segregation between A-type
AF, CE-type AF and FM phases was observed by
neutron diffraction [10]. In contrast, the magnetic
structure of La;_xSryMnO; (LSMO) around
X ~0.5 is the A-type AF order without CO, which
was confirmed for the Lag4¢Srg.s4MnQO5 single
crystal [11,12] and the LagsoSrgs0MnO;3; poly-
crystal [13].

Several theoretical and experimental studies
have pointed out that the electron—phonon cou-
pling and the local lattice distortion of MnOg
octahedra play important roles in the anomalous
transport properties of doped manganites [14,15].
The thermal conductivity x is one of the valuable
tools to investigate the lattice dynamics near phase
transitions [16-19] as well as in neutron and
electron diffraction studies. For the X = 0.50
manganite samples, the thermal conductivity
k(T) seems to behave quite differently at low
temperatures for various AF spin structures. k(7))
of the Prgs50SrgsoMnOj3 crystal with the A-type
spin structure drastically suppressed below Ty
from the FM to AF state [16,18]. However, (7") of
Pro‘socao_SoMnO3 and Lao_socao_SoMnO3 with the
CE-type AF order shows a small anomaly at the
CO transition temperature Tco and/or at Ty from
the paramagnetic (PM) state [18,19]. The relations
between the x(7) anomaly around 7N and
the magnetic structure and/or the existence of
CO have not been thoroughly investigated. The
application of a magnetic field to the man-
ganese oxides systematically alters the electrical
resistivity p, T, and Ty. Therefore, the field
dependence of the x(7) is expected to provide
useful information about the origin of the x(7)
anomaly around TN. We report the temperature
dependence of the thermal conductivity w(7)
fOI' Lao'5OSr0'50MnO3 and NdO.Sosro'SoMno_g
samples in applied fields up to 5T and discuss
the origin of the x(7) anomalies below Ty for
both systems.

2. Experimental

The sintered-Lag 50519 50MnO;5; polycrystal (S-
LSMO) was prepared by a standard solid-state
reaction method. The preparation procedure was
described in detail elsewhere [8]. The size of the S-
LSMO sample is 3.2 x 2.5 x 12.0mm? of which the
measured density is 87% of the ideal one. The grain
sizes observed by a scanning electron microscope
were distributed between 20 and 40pum. The
Ndy 50519 50MnO; crystal was prepared by a floating
zone (FZ) method (FZ-NSMO). The raw powders
of Nd,Os3, SrCO; and Mn304 were calcined twice at
1000°C for 24h in air and then pressed to a bar
shape of ~6mm ¢ in diameter and sintered twice
at 1500°C for 8h in air. A lamp image FZ furnace
with quadruple ellipsoidal millers was utilized for
the crystal growth. The crystal growth was per-
formed at 8 mm/h in flowing air. The crystal was
grown nearly parallel to the c-axis of the ortho-
rhombic structure as was determined by X-ray
diffraction analysis. The obtained crystal was heat-
treated at 1700°C for 24h in flowing O, gas to
remove the thermal stress during the growth and to
ensure the oxygen stoichiometry. The dimension of
the FZ-NSMO crystal is 2.5%2.5x 6.0mm® in
which the length of 6 mm is along the growth
direction. The rectangular sample includes several
single crystal grains with a size as large as ~1 mm.

The thermal conductivity x(7") was measured by
a steady-state heat-flow method between 5 and
300K using an automated measuring apparatus
with double radiation shields [20]. The magnetic
field was applied parallel to the heat flow. The
chromel-constantan thermocouples with 76 um ¢
in diameter were used as thermometers, which had
been calibrated in the magnetic field. The electrical
resistivity p(7) was measured by a standard four-
terminal method. For w(7) and p(T) measure-
ments, a Gifford McMahon cycle helium refrig-
erator was used as a cryostat. The magnetic field
up to 5T was applied for the x(7) and p(T)
measurements, using a cryocooler-cooled super-
conducting magnet. The magnetization M(T) was
measured by use of a superconducting quantum
interference device (SQUID) magnetometer in
magnetic fields up to 5T in zero field cooling
(ZFC) and field cooling (FC) scans.
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3. Experimental results
3.1. Sintered-Lay 50Srg s0MnO3z (S-LSMO) crystal

Figs. 1 and 2 show the temperature dependence
of the magnetization M(T) and the -electrical
resistivity p(7) of the S-LSMO crystal in a
magnetic field. As can be seen from the M(T)
curve in a field of 0.5 T [19], this specimen shows a
FM transition at 7. = 290K and transforms to
AF order below Ty = 160K upon cooling. The
phase transition to the AF order shows hysteretic
behavior. The FM transition temperature T,
increases and the AF transition temperature 7Ty
decreases with increasing applied field. It should be
noticed that the residual weak-FM moment exists
below TN in higher magnetic fields. In Fig. 2, the
zero-field resistivity p(7T) is slightly inflected at
T. =290K and then increases moderately with
decreasing temperature. Below Ty~ 160K, p(T)
somewhat sharply increases with hysteresis and
then further increases with decreasing tempera-
ture. However, the p(T) increase in the vicinity of
Tn is only by a factor of about 2 and rather small,
which may be characteristic for the A-type AF
order without CO. The p(T) value decreases with
increasing magnetic field, but the metallic p(T)
behavior cannot be confirmed below Ty. Metallic
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Fig. 1. Temperature dependence of the magnetization M(T) of
the sintered-Lag 50S19.50MnO; (S-LSMO) crystal in magnetic
fields after ZFC. The M(T) data for the FCin ygH = 0.5T are
also presented.
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Fig. 2. Temperature dependence of the electrical resistivity
p(T) of the S-LSMO crystal in applied fields.

behavior of p(T) was reported for a FZ-LSMO
(X = 0.54) single crystal with A-type AF order by
Akimoto et al. [11] The A-type LSMO (X = 0.50)
thin film was fabricated by the pulsed laser
deposition (PLD) method on a SrTiOj substrate,
where the ratio of the lattice constants (¢/a) could
be set to be ~1 and the AF and metallic p(7)
behavior was observed below Ty [21]. The in-plane
resistivity of the Ndg45Srg.ssMnO; single crystal
with the A-type AF structure is metallic below Ty
and the out-of-plane resisitivity is semiconductive
[22]. The semiconductive p(7) behavior of the
present S-LSMO crystal shown in Fig. 2 may result
from the effect of the c-axis oriented grains or some
localization effect. Since sintered polycrystals are
easy to realize a precise control of the hole content
X and a uniform hole distribution, the AF
transition from the FM order usually becomes
sharper than that of the FZ-LSMO crystal.

Fig. 3 shows the temperature dependence of the
thermal conductivity x(7") of the S-LSMO crystal
in magnetic field. The x(7T) curves in the FC runs
are presented. In zero field, an anomalous reduc-
tion of k(T) is observed just below T = 160K
and then k(7' decreases with decreasing tempera-
ture. Below Ty, the application of the magnetic
fields hardly affects x(T) except for the shift of the
k(T) reduction point corresponding to the de-
crease of Tn. For T > 160K, x(T) very slightly
increases with increasing magnetic field.
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Fig. 3. Temperature dependence of the thermal conductivity
k(T) of the S-LSMO crystal in applied fields after the FC. The
electronic thermal conductivity x.(7") at 0 and 5T is also shown.
For comparison, x(7") data of the sintered Lag g9oSrg.110MnO3
crystal in 0T is included, in which the FM insulating state is
stable over the entire range below 7.

3.2. FZ-Ndo.j()SI’()AjoMI’IOg (FZ—NSMO) cryslal

Figs. 4 and 5 show M(T) and p(T) of the FZ-
NSMO crystal in magnetic field. The crystal shows
an FM transition at 7. =265K and an AF
transition at T = 160 K. When the higher mag-
netic field is applied to the sample, 7. increases
and Ty decreases gradually, which is the behavior
similar to that of the S-LSMO crystal shown in
Fig. 1. In Fig. 5, p(T) in the zero field decreases
below T. =265K and abruptly increases below
Tn = 150K about two orders of magnitude with
large hysteresis. It is to be noticed that the
temperature dependence of p(T) of the present
FZ-NSMO crystal are almost equal to that of the
FZ-Nd, 51Sr¢.40MnOj crystal reported by Kajimo-
to et al. [9]; the common features are the metallic
p(T) behavior below Tn and the relatively low
p(T) value at low temperatures (~10' mQcm),
which make a sharp contrast with the very large
semiconductive p(7') of the FZ-Nd 5051 50MnO;
single crystal [6]. In the present FZ-NSMO crystal,
the large enhancement of p(7) at TN makes a
marked contrast with the small enhancement in S-
LSMO and likely to correspond to the occurrence
of CO in FZ-NSMO. However, it is also to be
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Fig. 4. Temperature dependence of the magnetization M(T) of
the FZ-Nd 50Sr.50MnO;3 (FZ-NSMO) crystal in applied fields
after ZFC. The M(T) data for the FC run for yyH = 0.5T are
also presented.
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Fig. 5. Temperature dependence of the electrical resistivity
p(T) of the FZ-NSMO crystal in applied fields.

noticed that p(T) of FZ-NSMO is rather metallic
at low temperatures and this metallic p(7") below
T~ might suggest the coexistence of very small FM
phase region with CE-type AF phase. The absolute
value of p(T') below Ty decreases with increasing
applied field and p(7T') at 5T is about two orders of
magnitude smaller than that in 0T.

Fig. 6 shows the temperature dependence of the
thermal conductivity k(T') of FZ-NSMO under the
magnetic fields in the FC runs. At zero field, «(7)
shows a shallow dip around 7, = 265K and an
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Fig. 6. Temperature dependence of the thermal conductivity
k(T) of the FZ-NSMO crystal in applied fields in the FC runs.

anomalous reduction just below 7N = 150K [23].
Below Ty, x(T') gradually increases with increasing
magnetic field and above Tn x(T) also increases
slightly. Hysteretic behavior of k(T') below T was
also observed at yyH = 0 and 1 T which, however,
was not confirmed at pyH >3 T (not shown in the
figure).

4. Discussion

The heat conduction in magnetic materials can
be represented as the sum of phonon (ipp),
electron (x.) and magnon (k) contributions. In
Fig. 3, we present w(7) of S-LSMO(X = 0.11)
which is a FM insulator. (7)) of this sample,
which is very small over the entire temperature
regime, shows almost no anomaly or enhancement
below T¢. A close examination of the data suggests
that the x(7) enhancement due to k., is about
~1mW/cm K in the LSMO compound if it exists.
Because there seems to be no special reason that
Km is enhanced in S-LSMO(X = 0.50) and in FZ-
NSMO(X = 0.50), we neglect the , contribution
in the present analyses. A similarly very small
was given also by Cohn et al. [16] for the
La;_,CayMnOj; system.

By using the Wiedemann-Franz (WF) law
(ke = LoT/p; Lo =2.45x 108 WQ/T?*: the Lor-
entz number), we can estimate the electronic
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Fig. 7. Temperature dependence of (a) the electronic thermal
conductivity x.(7) and (b) the phonon thermal conductivity
kpn(7) of the FZ-NSMO crystal in applied fields. The
Wiedemann-Franz law was applied for estimation of (7).

component k¢(7) of these crystals using the
electrical resistivities. The estimated k(7)) can be
seen as an upper limit of the electronic part in k(7))
[24]. Fig. 7(a) shows the electronic thermal con-
ductivity x.(7T) for the FZ-NSMO crystal. In the
respective magnetic fields, x. increases with
decreasing T (<T,) and reaches a maximum at
Tn and then suddenly decreases with decreasing
temperature 7' (< 7Tn). The electronic component
has a large proportion to the total x (e.g., e
immediately above TN (= 160 K) is ~24% of the
total k at 0T) and increases with increasing
magnetic field. Fig. 7(b) shows the temperature
dependence of the phonon thermal conductivity
kpn(T) of the FZ-NSMO crystal for each magnetic
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field, which was estimated by subtracting the
electronic contribution x. from the measured k.
What is to be noticed is that the phononic
component rp, is sharply enhanced just below
TN, while it is nearly independent of the applied
magnetic field in the temperature ranges above Tn
(> 150K) and at low temperature (7 <100 K).
These results indicate that the observed magnetic
field dependence of k of FZ-NSMO can be
interpreted as to come mainly from k.. The
application of the WF law with the standard L,
value is justifiable in FZ-NSMO because ipp
hardly depends on the applied field. In general,
kpn(T) in condensed matter is determined by the
strength of various phonon scattering mechanisms
such as grain boundaries, various lattice defects,
conduction electrons and so on [24]. In ordinary
metals, the conduction electrons behave as main
heat carriers and, at the same time, act as powerful
scatterers to phonons. In this sense, the FZ-
NSMO crystal is a pretty good metal in the
ferromagnetic state between Tn<7 <T., where
the phonon scattering by conduction electrons is
very effective. The phonon scattering by conduc-
tion electrons suddenly disappears in the charge
ordered insulating phase below Ty, which is the
main origin for the xp, enhancement below 7.

Because of the large resistivity of the S-LSMO
crystal, k. is very small. For example, the
temperature dependence of w.(7) is shown in
Fig. 3. k. is about 5% of the total x at 300 K and
decreases with decreasing temperature. Therefore,
the x(7T) reductions below TN of the measured
k(T) shown in Fig. 3 mainly result from those of
kph(T'), which should originate from the enhance-
ments in the phonon scattering related with the
phase transition from FM to AF order.

There may be some problems about the applic-
ability of the WF law to . in polycrystals because
of the difference in the electrical and thermal
transport through the grain boundaries. It is
conceivable that heat transport between grains
can be easier than electric transport, thus making
the effective Lorentz number much larger. Actu-
ally, several sintered LSMO samples showed
anomalously large p(7T) values caused by inap-
propriate sintering or annealing processes. We
carefully omitted such samples. In Fig. 3, x(7T) of

S-LSMO does not show any clear dependence on
the applied field for 7> TN(0T) and T > TN(5T).
Because p(T) of S-LSMO is larger in spite of a
clear field dependence, this fact indirectly guaran-
tees that . is really small in S-LSMO.

As we have seen, the field dependence of the
phonon thermal conductivities x,n(7") of the FZ-
NSMO and S-LSMO crystals shows quite different
behavior below Ty. The field dependence of x(7T)
below Ty for the FZ-NSMO crystal shown in
Fig. 6 is caused by the enhancement of x. as a
result of the colossal magnetoresistance. The
phonon scattering by conduction electrons, which
is dominant at 7\ < 7T < T, diminishes below TY.
It is possible that, actually, the reduction of the
phonon scattering by conduction electrons screens
the enhancement of the phonon scattering due to
other mechanisms which appears at the first order
magnetic transition in FZ-NSMO. It is also
worthwhile to note that the phonon scattering by
conduction electrons is almost absent in the FM
semiconductive state of S-LSMO, making a
marked contrast to FZ-NSMO.

5. Conclusion

The thermal conductivity x(7) has been mea-
sured for the sintered-Lag 50Sry 50MnO3 (S-LSMO)
and FZ-Nd, 50Srg 50MnO; (FZ-NSMO) crystals in
magnetic fields up to 5T. The origin of the x(T)
anomaly around the Néel temperature Ty was
discussed. Important experimental results and the
noticeable points obtained in this study are
summarized as follows:

(1) In these crystals, x(7) shows seemingly
similar reductions just below 7\ in zero magnetic
field. However, the field dependence of x(7) is
quite different. k(7)) of FZ-NSMO increases below
Tn with increasing magnetic field, which can be
interpreted as caused by the enhancement of the
electronic thermal conductivity k¢(7). On the
other hand, x(7T) of the S-LSMO crystal does
not depend on the magnetic field except for the
shift of TN because of the smaller k.. The
reduction of x(7T) below Tn in S-LSMO comes
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from the reduction in the phonon component iy,
caused by the phonon scattering enhancement.

(2) The phonon thermal conductivity xpu(T) is
enhanced below Ty in FZ-NSMO as shown in
Fig. 7(b). The origin of the kp, enhancement is the
elimination of the strong phonon scattering by the
conductive charge carriers below Ty. It is plausible
that xpn(7") would be reduced also in FZ-NSMO,
if it is not for the phonon scattering by the charge
carriers in the FM metallic phase.
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