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The thermal conductivity (7', the diffusivity a(7") and the thermal dilatation dL(T")/L have
been measured for Pryg;CagssMnO3 and Prgg;Cagss(Mn;_zCoz)O3 (Z = 0.02-0.10) crystals
under the magnetic field of up to 5 T. By application of high magnetic fields or Co substitution for
the Mn site, the ferromagnetic metallic (FM-M) state are induced and (7)) and «(T) are
drastically enhanced below the ferromagnetic transition temperature Tp. The enhancement is
closely related to the relaxation of the local Jahn—Teller lattice distortion due to the increased hole

mobility in the FM-M phase.
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§1. Introduction

A key point to explain the colossal magnetoresistance
(CMR) of perovskite type manganites, RE;_y AExMnOj3
(RE: rare earth elements, AE: alkaline earth elements),
is the role of lattice dynamics in the charge transport. In
the case of small (RE, AE) ion systems, such as RE=Pr,
Nd and AE=Ca, the MnOg network is structurally
distorted and the transfer of the e, electrons between Mn
ion sites significantly decreases.” ¥ Then the small (RE,
AE) site ions suppress the double exchange (DE)
interaction and other competitive effects such as the
superexchange interaction or the enhanced electron-
phonon coupling through the Jahn—Teller (J-T) effect
may become more important to control the physical
properties of the system. Pri_yCayMnO3; (PCMO) is a
characteristic small (RE, AE) ion system and has been
widely investigated.4’5) The detailed electronic and
magnetic phase diagrams have been already reported.®”
In this system, the so-called CE-type charge/orbital
ordering is realized over a broad Ca concentration X
(0.3 < X <0.75) probably because of the small one-
electron bandwidth W. For X = 0.50, the long-range
charge order (CO) of Mn?*"/Mn** ions is collapsed by
application of very high magnetic fields of several score
tesla.¥) The CO state becomes unstable as the Ca
concentration X  departs from X =0.50. In
Prg.¢5Cag.35MnO3, the CO insulating state can easily be
transformed to the ferromagnetic (FM) metallic state by
applying the magnetic field of only a few tesla. This
transition into FM metal (FM-M) phase at temperature
Tr results in so-called field-induced CMR effect.” The
studies of the substitution of the Mn site by various
transition metal elements such as Co, Cr and Fe have
shown the possibility of drastically modifying the
magnetic and transport properties.w*m) By the Cr
substitution for Mn sites, with electron configuration
Cr®t (tag’e,"), the substituted Cr ion was suggested to
act as the localized random field.'") Although the charge
effect, the ion size effect and the magnetic nature of

substituted PCMO have been investigated, the inter-
relation between the thermal transport and the collapse
of the CO state, or the onset of the FM order, is still open
to question.

In this paper, we investigate the thermal conductivity
k(T), thermal diffusivity «(7T), magnetization M(T),
electrical resistivity p(T) and the thermal dilatation
dL (T)/L of PI‘O'65 Ca0,35Mn03 and
Prog5Cag.ss(Mn;—,Coz)Os (Z = 0.02-0.10) crystals and
discuss the relation between the k(T) and o(T)
anomalies and the collapse of the CO state.

§2. Experimental

The PI‘()<65C&()'35M1103 and Pr0‘65Ca0'35(Mnl,ZCOZ)O;;
(Z =0.02, 0.04, 0.06, 0.10) crystals were prepared from
stoichiometric mixtures of PrgOq;, CaCO3, Mn3O4 and
CoO powders. The mixtures were calcined twice at
1000°C for 24 h in air, pressed into pellets and then
sintered at 1500°C for 8 h in air. The measured densities
of each sample are high, about 85% of the ideal one. X-
ray diffraction analyses at room temperature confirmed
that the samples were in a single orthorhombic phase.
The crystal grain sizes of specimens observed by a
scanning electron microscope (SEM) were 20-30 ym
which were independent of the content of the Co
substitution Z. The rectangular shaped samples were
prepared with the typical size of ~2.0 x 2.0 x 15.0 mm?.
The thermal conductivity x(T) was measured by a
steady-state heat flow method between 5 and 300 K
using an automated measuring apparatus with double
radiation shields.'® The thermal diffusivity o(T") was
measured simultaneously with « by a non-steady state
method.'” «(T) is given by x/C, the thermal conduc-
tivity x divided by the specific heat C. In insulators, in
which the heat conduction is entirely phonons, « is
expressed as o = (v)*7,,/3 with the average phonon
velocity (v) and the average scattering time 7,,. The
magnetic field of up to 5 T was applied parallel to the
longest side of the sample using a cryocooler-cooled
superconducting magnet. The chromel-constantan ther-
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mocouples with ¢ 76 ym in diameter were used as
thermometers, which had been calibrated in the mag-
netic field. The electrical resistivity p(T") was measured
by a standard four-terminal method and the thermal
dilatation dL(7T)/L was measured by a strain-gauge
method. For these measurements, a Gifford McMahon
(GM) cycle helium refrigerator was used as a cryostat.
The magnetization M(T') was measured using a SQUID
magnetometer under a magnetic field of up to 5 T in the
processes of zero field cooling (ZFC), field cooling (FC)
and field warming (FW).

§3. Results and Discussion

3.1 PTO.65CG,0<35M7103

Figure 1 shows the temperature dependence of the
magnetization M(T) of ProgCagssMnO;z under the
magnetic field of 0.5 T and 57T. We notice three
characteristic M(T') anomalies under the low magnetic
field of 0.5 T (ZFC), i.e., the CO transition at Tco =
220 K, the antiferromagnetic (AF) transition at Ty =
160 K and the canted antiferromagnetic (CAF) transi-
tion at Tear &~ 90 K. Under the magnetic field of 5 T, the
magnetization M(T) shows a drastic enhancement with
large hysteresis, which means the first order phase
transition between the charge-ordered AF (CO(AF))
state and the FM state. The FM transition temperatures
of Ty. ~ 60 K and Tf,, =~ 90 K for the FC and FW scan,
respectively, are consistent with those of the reported
phase diagram in the field-temperature plane.”

Figure 2 shows the temperature dependence of the
electrical resistivity p(7") of the Prgg5Cag 35 MnOs3 crystal
under the magnetic field of 0 T and 5 T. The zero-field
resistivity is insulating over the entire temperature range
and shows a distinct increase below the charge ordering
temperature Too = 220 K. Applying the magnetic field
of 5T, the CO transition temperature Tco slightly
decreases to Too = 210 K and the CO state collapses at
Tr. ~ 60 K on the FC scan where the resistivity abruptly
decreases by about six orders of magnitude. Below Ty,
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Fig. 1. Temperature dependence of the magnetization M(T) of
Prpe;Cags3sMnO3 under the magnetic field of pgH =0.5T and
5 T. The M(T) data for ugH = 0.5 T are magnified by the factor of
five for a clearer view.

Enhanced Phonon Heat Conduction in Prgg;Cagss(Mn;_zCoz)Os

2617
10% F—— ————————
E \ 3
3 TFC% N Pro6sCa,3MN0, I
E 10°F ot 4
é 3 5T (FC) E
E 3 STFW ] 1
> 10'F 1
z ;
2 - .
@ E 3
2 10° 3 >/ =
x £ “__A.~'% A 3
T T To,O0T) 3
1 00 C 1 1 1 1 I L L L L I 1 1 1 1 h

0 100 200 300
T (K)
Fig. 2. Temperature dependence of the electrical resistivity p(T") of

the Prgg;Cag3MnOj3 crystal under the zero and 5 T magnetic field.

p(T') continues to decrease with decreasing temperature,
showing the metallic behavior. On the FW scan, p(T)
abruptly increases at Ty, ~ 80 K and then the CO state
appears again. The transition between the CO phase and
the FM-M phase under applied field is of typical first-
order, accompanied with large hysteresis.

Figure 3 shows the temperature dependence of the
thermal conductivity (7)) under the zero and 5T
magnetic fields. In the zero magnetic field, x(T)
monotonously decreases with decreasing temperature
except for a slight x(T) inflection around Teo = 220 K,
which is a characteristic feature around the transition
from the paramagnetic (PM) state to the CO(AF)
state.1>16) Applying the magnetic field of 5 T on the
FC scan, x(T) is enhanced below Ty, ~ 60 K and then
reaches a maximum at 35 K and decreases with
decreasing temperature. On the subsequent FW scan,
k(T) is drastically reduced at Tpy, =75 K and then
monotonously increases with increasing temperature.
Based on the Wiedemann—Franz law, the electronic
contribution k(7T) is estimated to be very small even in
the FM-M state and the x(T") enhancement below T,
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Fig. 3. Temperature dependence of the thermal conductivity x(T) of
Pr(5Cap3sMnO3 under the zero and 5 T magnetic field.
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(or Try) can not be explained by that of k(7).
Accordingly, the conspicuous enhancement and hystere-
tic behavior of x(T) should come from the phonon
component £ (7") and should be closely related with the
first-order transition of the lattice structure accompa-
nied with the transformation from the CE-type CO(AF)
state to the FM-M state.’”

Figure 4(a) shows the temperature dependence of the
thermal diffusivity «(7T) with and without applied field.
Applying the magnetic field of 5 T on the FC scan, o(T)
is drastically enhanced below Ty, ~ 60 K and on the
subsequent FW scan, «(T) is reduced at Ty, = 75 K.
With the increase of T up to Teo, a(T) continues to
decrease monotonously. It should be also noticed that
a(T) shows a broad local minimum around Too = 220 K.
This result means that the diffusivity «(7') is suppressed
over a wide temperature range higher than T¢o. In the
ordinary solids, «(T) is expected to increase monoto-
nously with decreasing temperature.' As mentioned
before, the thermal conduction in this compound is
almost entirely due to phonons. In the temperature
region not so low (7" > 40 K for this study) the specific
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Fig. 4. (a) Temperature dependence of the thermal diffusivity «(T)

of ProgsCagssMnO; under the zero and 5 T magnetic field. (b)
Temperature dependence of the phonon scattering rate 7,, ! for the
present sample which was estimated from Tph’l =2 /30y using the
measured longitudinal sound velocity'® and a(T). The contribution
of the sound velocity variation to the «(7") anomaly at around T¢o is
also shown (see text).
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heat also comes overwhelmingly from phonons. Then the
phonon diffusivity apn(T) can be represented as
a ~ aph = (Us)lpn/3 = <Us>27'ph/3, where [y, Tpn and (vg)
is the phonon mean free path, the phonon scattering time
and the average phonon velocity. Figure 4(b) shows the
temperature dependence of the phonon scattering rate
Tph_l for the present sample. Because we have only the
longitudinal sound velocity v (T) data' for the sample,
we used the measured v)(T) values (=5500 m/s) for the
estimation of 7,,”'. The contribution of the (vg)?
anomaly to that of «(7T) is also shown in Fig. 4(b),
which is very small and cannot be the main origin for the
a(T) anomaly. It should be noticed that the phonon
scattering rate 7, ! is actually enhanced around Ttco.
Because the transverse sound velocity v (T) is always
smaller than v (T) (v; &= v1/2), (vs) should be smaller
than vy ((vs) = v1/4/2). Even if we use thus estimated (vg)
(=4000 m/s), the almost constant diffusivity value
a =~ 0.5 mm?/s over the temperature range of 140-
200 K in the CO state corresponds to the phonon mean
free path as short as I, ~ 4 A.

Figure 5 shows the thermal dilatation dL(T)/L as a
function of T'. With decreasing temperature, d /L shows
an anomalous small expansion at Tgo, which is a
common feature of the CE-type CO transition in several
perovskite manganite systems.zo‘m) In zero magnetic
field, dL/L monotonously decreases from Tco down to
~20 K. Under the magnetic field of 5 T on the FC scan,
dL/L shows a drastic contraction at around Tr. = 60 K.
On the subsequent FW scan, dL/L abruptly increases at
T ~ 60 K and recovers the zero field values at T' ~ 80 K.

As we have mentioned, dL/L shows an expansion at
Tco, where p(T) increases with decreasing temperature.
In contrast, dL/L shows a drastic contraction at the FM
transition (7r) under the applied field, where p(T)
drastically decreases as well. These results indicate a
clear correlation between the behaviors of dL(T")/L and
o(T). In the Mn**—Mn*" mixed valence systems such as
present PCMO, the most direct effect of the charge
carriers on the lattice distortion may be through the
Jahn-Teller (J-T) effect of the localized Mn3" spins.
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Fig. 5. Temperature dependence of the thermal dilatation dL(T")/L

of Prog5Cag .35 MnOs3.
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With increasing mobility of the charge carriers, the local
J-T distortions should be relaxed in the FM-M state
because the J-T distortions become unstable to follow
the rapid motion of carriers. Accordingly, it is quite
plausible that the conspicuous contraction at Ty, and
Trw and the anomalous expansion at Tco directly reflect
the processes of the relaxation and enhancement of the
local J-T distortion.

As we have seen for Prgg;Cag3sMnQO3, the thermal
conductivity (7)) is drastically enhanced in Fig. 3 and
the thermal diffusivity «(7") in Fig. 4(a) is also greatly
enhanced in the field-induced FM—-M state. These results
suggest that the origin of the strong phonon scattering in
the CO state is the local lattice distortions due to the J—
T effect and the x(T') enhancement in the FM-M state
comes from the relaxation of the J-T distortions. The
similar correlation between the x(7) enhancement and
the dL/L contraction has already been pointed out for
LCMO (X =0.25), in which the transition from the
paramagnetic insulating (PM-I) state to the FM-M state
occurs via the first-order-like phase transition.??) The
very strong phonon scattering in the Mn**—Mn** mixed
valence perovskite systems in the CO and PM-I states
may generally comes from the local J-T distortions. This
picture is also consistent with the phonon scattering
enhancement with decreasing temperature at around the
CO transition shown in Fig. 4(b).

3.2 Pryg5Cag.g5(Mn;_7Coz)Os

Figure 6 shows the temperature dependence of the
magnetization M(T) of the PrggCagss(Mn;_zCoyz)O3
samples (Z = 0-0.10) under the field of 0.5 T after ZFC.
A faint local maximum of M(T) is discernible for Z =
0.02 at around 160 K, which suggests that Tco is reduced
to ~160 K by the substitution of 2% Co for the Mn sites.
The 2% Co substitution also make the CO phase
unstable against the FM order below Ty ~ 100 K. It is
also to be noticed that the M(T') curves of the Z = 0.02
and 0.04 samples behave somewhat anomalously; they
abruptly reach the saturation value with decreasing
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Fig. 6. Temperature dependence of the magnetization M(T') of the

Pro65Cag35(Mn;_zCoz)O3 samples (Z = 0-0.10) under the field of
0.5 T after ZFC.
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temperature. In contrast, M(T) of the Z = 0.06 and 0.10
samples gradually increases below Ty, which is similar to
ordinary ferromagnets.

Figures 7(a) and 7(b) present the electrical resistivity
p(T) of the corresponding samples. p(T') of the Z = 0.02
sample shows drastic reductions at Ty.~ 60 K and
Trw ~ 80 K with large hysteresis and p(T) behaves
metallic below Ty, and Tgy. This large hysteresis of
p(T) confirms that the CO(AF)-FM transition is of the
first order, following the general rule for the transitions
between the two-type ordered states. By the 4% Co
substitution shown in Fig. 7(b), the FM transition
temperature increases to Ty ~ 100 K and the hysteresis
of p(T) between Ty and Tr. becomes very small. This
small hysteresis of the Z = 0.04 sample suggests that the
CO(AF) phase transition occurs only slightly above T
and the difference in the free energy of both states is very
small. By applying the field of 5T to the Z =0.04
sample, T increases to 135 K and the hysteresis of p(T)
completely vanishes. The absence of the hysteresis
indicates that the CO(AF) phase is eliminated and the
FM order sets in directly from the paramagnetic phase.
For Z =0.06, Ty decreases to 80 K and the transition
becomes broader. On the other hand, p(T) of the Z =
0.10 sample increases monotonously with decreasing
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Fig. 7. Temperature dependence of the electrical resistivity p(T") of

the Prgg;Cags5(Mny-zCoz)O3 samples (Z = 0-0.10) under the zero
and 5 T magnetic field.
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temperature and shows no anomaly at the FM transi-
tion. By applying the field of up to 5T, the phase
transition to the metallic state can not be confirmed and
the negative magnetoresistance effect becomes pretty
smaller in this sample.

Figure 8 shows the temperature dependence of the
thermal conductivity x(7T) for the Co substituted
samples. All the x(T) data were taken in the cooling
run in the zero field and, for the Z =0.02 and 0.04
samples, x(T") was also measured in the field of 5 T. x(T)
of the Z=0.02 and 0.04 samples are drastically
enhanced below Ty, and the temperature at which
k(T) is sharply enhanced increases under the applied
field of 5 T. For the Z = 0.06 and 0.10 samples, there are
no x(7T) anomalies around the FM transition tempera-
ture Tr even if the magnetic field of 5 T was applied to
the sample. In this way, the characteristic (T
enhancement was observed only for the FM-M transi-
tion similar to that of the Z = 0 sample shown in Fig. 3
and those for other manganese oxides.??

Figure 9 shows the temperature dependence of the
thermal dilatation dL(T)/L for the Co substituted
samples. dL(T)/L for the Z =0.02 and 0.04 samples
shows a clear contraction below Ty with decreasing
temperature. The hysteresis between cooling and warm-
ing runs is large for Z =0.02 and relatively small for
Z = 0.04, which is consistent with the behaviors of p(T").
The application of 5 T field makes increase the
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Fig. 8. Temperature dependence of the thermal conductivity x(7") for
the Prgg;Cag35(Mn;_zCoz)O3 samples (Z = 0-0.10) under the zero
and 5 T magnetic field. The origin of the y axis is shifted by 10 mW/
cmK for each curve. All the (T') data were measured in the cooling
run and the x(7T) for the Z =0.02 and 0.04 samples were also
measured under the application of 5 T.
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for the Pryg5Cag35(Mn;—zCoz)O3 samples (Z = 0-0.06).

temperature, at which dL(T)/L sharply contracts, from
the zero field ~90 K to 130 K, simultaneously wiping out
the hysteretic behavior. dL(T)/L for the Z =0.06
sample (and for the Z =0.10 sample which is not
shown) shows no anomaly around the FM transition.

As we have seen, p(T), «(T) and dL(T)/L of
Prog5Cagss(Mn;—zCoz)O3 all behave consistently. For
Z =0.02, p(T) decreases, x(T) increases and dL(T)/L
contracts at the FM transition temperature T with the
large hysteresis. For Z = 0.04, p(T), x(T) and dL(T)/L
behave similarly to Z = 0.02 except for much reduced
hysteresis. For Z =0.06 and 0.10, (7)) and dL(T)/L
show no anomaly around 7y. Comparing to unsubsti-
tuted Prgg5Cag35MnOs, the effect of the Co substitution
for Z =0.02 and 0.04 is much similar to that of the
magnetic field application, i.e., both effects result in the
introduction of the FM-M phase in the low temperature
ranges. There is an important difference, however; the
substitution of Co for Mn ions rapidly depresses the
CO(AF) phase, while the application of the magnetic
field does not damage the CO phase so much seriously, as
is seen from the behaviors of M(T'), p(T) and dL(T)/L in
Figs. 2, 3 and 5. The realization of the FM phase in the
Co substituted PCMO (X = 0.35) may be closely related
to the depression or quenching of the CO phase in this
system.

§4. Summary

The thermal conductivity x(T'), thermal diffusivity
a(T), thermal dilatation dL(T)/L, electrical resistivity
p(T) and magnetization M(T) were measured for
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and  PrgCagss(Mn;_zCoz)O03

(Z = 0.02-0.10) crystals under the magnetic field of up
to 5 T. Important results and conclusions obtained in
this study are summarized as follows;

(1)

The application of 5T magnetic field to
Prg.¢5Cag.35MnO3 induces the ferromagnetic metal
(FM-M) state below Ty, (on cooling scan) and Ty
(on warming scan) with large hysteresis, which
means that the charge-ordered antiferromagnetic
(CO(AF)) phase gives place to the FM-M phase
below Ty (= Tpe or Try) through the first order
transition. The thermal conductivity &(T') is sig-
nificantly enhanced in the FM-M state, but the
enhancement is far too large to attribute to that of
the electronic contribution ke(T"). Accordingly, the
enhancement should be attributed to the reduction
in the phonon scattering, which brings about the
increase of the phonon contribution k(7).

The thermal diffusivity «(T) of Prgg;CagssMnOs
decreases with decreasing temperature down to the
charge ordering temperature Tco =220 K and
exhibits a local minimum around T¢o. This fact
indicates that the phonon scattering is intensified as
the CO phase is approached from the higher
temperature side.

The thermal dilatation dL(T")/L shows anomalous
gradual expansion at around Tco and sharp
contraction in the applied field at the induced FM
transition temperature Ty. The expansion at T
and the contraction at Ty are correlated with the
increase and the decrease in the electrical resistivity
p(T). The dL(T')/ L anomalies reflect the accumula-
tion and relaxation processes of the local Jahn-—
Teller (J-T) distortion caused by the localization
and delocalization of the charge carriers in the
respective phases.

Taking account of the results of dL(T")/L, the sharp
enhancement in x(7") and «(7') in the induced FM-
M state is considered to originate from the
enhanced phonon component caused by the relaxa-
tion of the local J-T distortion. The local J-T
distortions around the Mn** spins seem to be very
strong phonon scatterers which limits the phonon
mean free path [, to very small values in the CO
phase and in the disordered phase above Tco. The
observed minimum of a(T') at around Tco can also
be understood by this picture.

By the Co substitution for the Mn sites, the FM—-M
phase is induced in Prgg;Cagss(Mni_zCoz)O;
under zero magnetic field. k(7)) and «(T) is
enhanced and dL/L sharply contracts below T,
which is wvery similar to the behaviors of
Prg.¢5Cag.35MnO3 under applied fields. These results
again demonstrate the strong phonon scattering due
to the local lattice distortions in the insulating

(6)

2621

phases and their relaxation in the metallic phase.
There is an important difference, however, between
the effects of the magnetic field application and the
Co substitution on Pryg;Cag3sMnOs. The Co
substitution rapidly quenches the charge order,
drastically lowering T, while the application of
magnetic fields does not alter To so seriously. The
appearance of the FM phase is closely related to the
depression or quenching of the charge order phase in
Pr.65Cag.35(Mn;_zCoz)0Os.
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