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The thermal conductivity x(7) and the thermal diffusivity a(7) of La;_xSrxMnO; (X > 0.50) have
been measured and phonon scattering mechanisms have been analyzed in terms of the power of depen-
dence on phonon frequency wpp. For 0.50 < X <0.55, where the high temperature ferromagnetic phase
becomes unstable against the A-type antiferromagnetic (AF) order, the phonon scattering mechanism

proportional to w:)h is enhanced in the low temperature AF phase. In contrast, in the charge ordered

phase for X > 0.67, the phonon scattering mechanism proportional to wp is enhanced. The enhance-
ment in the phonon scattering mechanisms reflects the types of the order in this manganese system.

1. Introduction

A series of carrier doped manganites with the formula RE;_yAExMnOj; (RE: lantha-
nide, AE: alkaline earth ions) show a variety of dramatic physical properties on the
stage of the Mott metal-insulator transition. The dramatic properties result from com-
petition or cooperation of various interactions such as the ferromagnetic double ex-
change, antiferromagnetic superexchange, charge ordering, orbital ordering, static and
dynamic Jahn-Teller effect and structural instability etc. From theoretical [1] and experi-
mental [2-7] investigations, it has been widely recognized that, besides the double ex-
change interaction, the electron-lattice coupling is important to determine the transport
properties. The electrical transport has been extensively and intensively studied, while
the thermal transport has not been so systematically investigated [8—11]. Because the
electrical resistivity o(7T) of La;_xSrxMnQOj; is pretty large even in the ferromagnetic
metallic phase, the heat conduction is overwhelmingly due to phonons. The phonon
scattering in the manganite compound is expected to show uncommon features because
the lattice system is also under a strong influence of the various interactions which
cause uncommon properties of the electron system.

La;_xSrxMnO3; (LSMO) exhibits various magnetic and charge order phenomena for
X > 0.50. Our previous studies for the electrical resistivity o(7) [12], the magnetization
M(T) [13] and the sound velocity anomaly [12] have clarified the following characteris-
tics of the phase diagram of LSMO. LSMO (X = 0.48) is a ferromagnet with 7. = 320 K.
For X = 0.50 and 0.55, the high temperature ferromagnetic (FM) phase becomes
unstable against the layer-type (A-type) antiferromagnetic (AF) order. The A-type AF
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order is stabilized below Ty for 0.50 < X < 0.60 in the LSMO system [12-14]. It is to
be noticed that the A-type AF order is not compatible with the charge order (CO)
phase [15]. The CO transition takes place for X = 0.67 and X = 0.75, possibly concomi-
tant with the C-type AF order [16]. We have already reported an anomalous phonon
scattering mechanism operating in LSMO (X = 0.17) compounds around the ferromag-
netic ordering temperature 7. [11]. For these compounds, the strong phonon scattering
around 7. was pointed out to originate from dynamical structural fluctuations corre-
lated with critical spin fluctuations. We have also pointed out a two-level-like dynamical
scattering mechanism which may operate in LSMO for X ~ 0.125, where the charge
order related to the polaron localization occurs [17]. In the present paper, we report
enhanced phonon scattering mechanisms characteristic of the type of ordering in
La;_xSrxMnOs; system for X > 0.50.

2. Experimental

La;_xSrxMnO; samples were prepared from stoichiometric mixtures of La,O3, SrCO;
and Mn3;O4 powders. The mixtures were calcined twice at 1000 °C for 24 h in air,
pressed into pellets and sintered at 1500 °C for 8 h in air. The pellets were heat-treated
at 1500 °C for 24 h in O, gas flow. The densities of the samples, which were determined
by measuring the volume and weight, were higher than 80% of ideal ones. All the
samples were confirmed to be in a single phase by X-ray diffraction at room tempera-
ture. The thermal conductivity x(7) was automatically measured by a steady state heat
flow method between 10 and 300 K, using a Gifford-McMahon cycle helium refrigera-
tor as a cryostat [18]. The thermal diffusivity a(7) was measured by an arbitrary heat-
ing method under the same experimental setup as the x(7) measurement.

3. Experimental Results

Figures 1 to 4 show the temperature dependence of the phonon thermal conductivity
xph and the phonon thermal diffusivity opn (= #xpn/C, C specific heat) of LSMO for
X = 048, 0.50, 0.60 and 0.67 as typical samples. The electronic contribution, x. and a.,
estimated from the Wiedemann-Franz law is negligibly small except for X = 0.48. In
Fig. 1, for ferromagnetic LSMO (X = 0.48), . (which is at most 2% of the total k) is
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subtracted from the measured x to obtain xph. In Figs. 2 and 3, the arrow indicates the
Néel temperature Ty and in Fig. 4, the arrow represents the CO temperature Tco (= Tn)
determined from o(7T), M(T) or the sound velocity vs(T) [13].

With decreasing temperature, xpy(T) of LSMO (X = 0.50) in Fig. 2 shows a clear and
sharp reduction around 7n. This sample shows the FM order at 7. ~ 290 K, which
gives place to the A-type AF order below Tx ~ 160 K [12, 13]. xpy of LSMO (X = 0.52)
shows the similar behavior, though the reduction at Ty is considerably smaller (not
shown in the figure). It is to be noticed that the FM to AF transition is of first order
with hysteresis. The reduction of rp, suggests an enhancement in the phonon scattering
or the appearance of a new scattering mechanism. The corresponding decrease in rxpp
(= v3(Tpn)/3, (Tph) average phonon scattering time) around Ty can also be seen in Fig. 2,
which more directly demonstrates the phonon scattering enhancement. #pn(7) and
aph(T) of LSMO (X = 0.67) in Fig. 4, also show a reduction around Tco. In contrast,
iph(T) of LSMO (X = 0.60) in Fig. 3 shows a broad shallow dip around 7. This dip in
xpn(T) is indicative of the phonon scattering enhancement through some dynamical mech-
anism related to the critical spin fluctuations around the second order magnetic phase
transition in this compound.
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As we have seen, the AF transition and the CO transition accompany the scattering
enhancement in LSMO. Including the data on other samples not presented in the fig-
ures, the effects of AF order and CO for X > 0.50 are summarized as follows: (i) For
0.50 < X < 0.55, where the FM order becomes unstable against the low temperature
A-type AF phase, the phonon scattering enhancement appears rather sharply at 7y and
the enhancement occurs over the whole temperature range below Ty. (ii) For 0.55 < X
< 0.60, where the A-type AF phase is dominant and the FM order is absent or not
influential, the phonon scattering enhancement occurs only in the critical region around
T~ and is not so significant at low temperatures. (iii) For 0.67 < X < 0.75, the charge
order accompanied by the C-type AF order strongly enhances the phonon scattering
again over the whole temperature range below Tco. The enhancement appears rather
gradually at a temperature somewhat higher than Tco. In the following section, we
analyze the phonon scattering mechanisms operative in each ordered phase.

4. Discussion

On the basis of the relaxation time method [19], the phonon thermal conductivity is
given by
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where d is the mass density, M the weight of one mole, n the number of atoms in the
chemical formula of the compound (rn = 5 for La;_xSrxMnO3), R the gas constant, Op
the Debye temperature and x (= wp/T) is the reduced phonon frequency. Assuming a
kind of Matthiessen’s rule for the phonon scattering rate, the phonon relaxation time
Tpn is given by (see, e.g., [19])

r;hl =1, + KTx +sT?x* + pT*x*. (2)

Here, 1y is the scattering time due to grain boundaries and the K, s and p terms repre-
sent the phonon scattering strength proportional to wby, w3, and wj, respectively. It is
to be noticed that, with increasing power of wpp, the corresponding scattering becomes
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analyze the phonon scattering on the basis of egs. (1) and (2), we need the @p value of
La;_xSryMnOs. Since we have measured both x and a, the specific heat C (per unit
volume) can be estimated by the relation C = «/a. Figure 5 shows the estimated speci-
fic heat of LSMO for X = 0.50 and 0.67. As can be seen, the magnitudes of the specific
heat of both specimens (and of other samples not shown in the figure) are roughly
consistent with the Debye specific heat line with @p = 370 K. So we set the @p value
to be 370 K for all the present La;_xSrxMnO3; compounds. In the estimation of @p, the
electronic contribution to the specific heat was neglected because the carrier density is
low and the fitting with the Debye curve was performed in a rather high temperature
range (30 K < T < 90 K). The phonon scattering time by boundaries 7y is set to satisfy
the relation %, = Tyvph, Where I, is the average size of the grains. The size of L, was
determined to be Spum < 4, < 40 um by a scanning electron microscope and vpp was
determined by the ultrasonic pulse superposition method [12]. Actually, the grain
boundary scattering is almost neglectable in the temperature range of the present work
(T > 10 K) because other scattering mechanisms are by far dominant. By using eqgs. (1)
and (2), xpn was calculated to best fit the experimental data with K, s and p values as
adjustable parameters. The fitting temperature region was selected between 10 and
90 K. It is to be noticed that the wp, power law of 7y, given by eq. (2) is valid only for
temperatures well below @p and the fitting temperature region satisfies the condition,

Table 1

Summary of the parameters determined in the xpy, fitting processes in Laj_xSryMnOs3
samples on the basis of egs. (1) and (2)

sample d Vs 5! Iy s p K
(g/em?®) (10° ecm/s) (108 s7!) (um) (108 K=%~1) (10* K~%~1) (10°K-'s71)

X =048 5.67 4.15 2.6 37 0.41 0.28 0.11
X =050 550 5.16 2.6 30 1.0 0.29 1.7
X =060 545 5.23 72 14 1.5 0.29 1.1
X =067 549 5.72 7.0 14 1.5 13 0.41

X =017 528 4.30 22 45 0.5 0.76 1.1
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T < ©p/4 [20]. The results of the fitting for «p, are given in Figs. 1 to 4 by solid lines
and the parameter values determined are summarized in Table 1, together with the
results for another concentration X not shown in the figures.

In order to clearly see the contributions of each scattering mechanism, the total pho-
non scattering rate and the scattering rates of each scattering term were calculated as
an average over the Debye phonon spectrum. The results are given in Figs. 6a—d for
X = 048, 0.50, 0.60 and 0.67. The total scattering rate <rph)t'1 was calculated by use of
the following equation and the parameter values in Table 1:
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Fig. 6. Calculated phonon scattering rate (t,n)~' and contributions of the scattering terms propor-
tional to wpn! (K term), wpn? (s term), and wpn* (p term) for LSMO samples with a) X = 0.48, b)
X =0.50, ¢) X = 0.60 and d) X = 0.67. The contributions of each scattering term were estimated
assuming that the every scattering term was completely removed (see text). Open circles are experi-
mental points corresponding to the observed thermal conductivity x(7)
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It is to be noticed that the total scattering rate is inversely proportional to the mea-
sured phonon thermal diffusivity apn (= v2 (tpn)/3) if the sound velocity vg is assumed
temperature independent. The contributions of the K, s and p terms, (tpn)is,, Were
obtained by calculating (z,,) on the assumption that the corresponding term is removed
and subtracting (tpn)~' from the total (zpn)i!. On the basis of a number of trials, each
parameter value was reproducible within +5% of the total scattering rate (rph>‘1.

Comparing Figs. 6a and b, we notice that the K-term (wp) contribution is appreci-
able for LSMO (X = 0.50), in contrast to the very small, almost negligible K-term
contribution for ferromagnetic LSMO (X = 0.48). As we have previously mentioned, a
standard origin of K-term scattering is due to the strain fields around dislocations. In
the present LSMO (X = 0.50), however, it is unlikely that the A-type AF order causes
a drastic increase of dislocations and the other phonon scattering mechanism must be
operative below Tn. Another scattering mechanism which has approximately the same
wpn dependence is due to tunneling states. The thermal dilatation dL/L of LSMO
(X = 0.50) displays a sharp contraction at Ty with decreasing temperature [12]. This
result suggests an appreciable lattice change associated with the FM to AF transition in
this compound. In the previous paper [17] we pointed out a possibility of strong pho-
non tunneling scattering associated with the polaron order in LSMO for X < 0.18. The
lattice site tunneling of oxygen, the most light atom composing LSMO, was considered
to be important for the phonon scattering. Because the FM and AF orders in
Lag 50Sr9.50MnO3 accompany different lattice states through the strong spin—lattice inter-
action, a kind of two-level phonon scattering associated with spin fluctuation may be
possible in this compound. The scattering rate due to the two-level tunneling states is
expressed as ATx tanh (x/2) [21]. On the basis of the Debye phonon spectrum, the
dominant phonon frequency wqy at temperature 7T is given by Awg = 1.6kgT and the
term ATx tanh (x/2) is approximately equal to ATx tanh (0.8) = 0.67 ATx, thus giving
the same w}, dependence as the K term in eq. (2). We propose that the appearance of
K-term scattering in LSMO (X = 0.50) is due to the phonon scattering by lattice tun-
neling states which originates from the oxygen site tunneling correlated with FM and
AF order fluctuations.

Comparing the scattering strength of LSMO (X = 0.67) in Fig.6d to LSMO
(X = 0.50), we notice that the K-term scattering is weakened and the p-term component
is enhanced in this CO phase sample. Contrary to the A-type antiferromagnet LSMO
(X = 0.50), the lattice of LSMO (X = 0.67) shows expansion around Tco with decreas-
ing temperature [12] and there is a difference between the lattice states of the A-type
AF and the CO with C-type AF phases. Several recent investigations reported an en-
hancement of the Jahn-Teller distortion below the charge order onset temperature 7co.
The p-term scattering proportional to gy is usually ascribed to the scattering by point-
type defects. If we literally follow this rule, the charge ordering should enhance the
point defect scattering. This may be possible if CO enhances the local incoherent Jahn-
Teller distortion around Mn** ions, though we cannot point out the exact origin of the
enhancement at the present stage. The strong p-term scattering at low temperatures, is
one of the characteristic features of the phonon scattering in the CO phase samples.

Another characteristic feature of the phonon scattering enhancement in the CO
phase sample can be seen at high temperatures. In Fig. 4, both the conductivity x(7T)
and the diffusivity a(7) of LSMO (X = 0.67) clearly decrease at higher temperatures
than its Tco. The similar behavior was observed also for LSMO (X = 0.75). Recent
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extensive studies [21, 22] have shown that dynamic charge correlation is important in
these Mott insulators above Tco. The enhanced phonon scattering above 7o is indica-
tive of the importance of a dynamical phonon scattering mechanism related to the
charge order fluctuation.

Although the enhanced K-term scattering provides a peculiarity of the A-type AF
state and the enhanced p-term scattering makes a peculiarity of the CO state accompa-
nied with the C-type AF order, the s-term component is always dominant in Figs. 6a—d.
Especially in Fig. 6c, the scattering strength of both K and p term is weak for LSMO
(X = 0.60) and the s term is overwhelmingly dominant. This compound directly enters
into (possibly the A-type) AF order not showing the intermediate FM order. The dila-
tation dL/L displays very slight contraction at Tx [12]. Then the lattice effect may not
be influential in this compound, which is possibly consistent with relatively small
K-term and p-term scattering. The s-term scattering, which is proportional to wf,h, usual-
ly comes from two-dimensional-like lattice defects such as stacking faults, twin bound-
aries, etc. The microscopic origin for the s-term scattering is not clear either, but the
dominant s-term scattering provides another peculiarity of the phonon scattering in the
La;_xSrxMnOj; system as a whole.

S. Summary

The phonon thermal conductivity xpn, and the thermal diffusivity opn of Laj_xSrxMnOg3
were measured for the nonmetallic region of the Sr concentration X (> 0.50) and the
phonon scattering mechanisms were analyzed in terms of the power of dependence on
phonon frequency wph. The A-type antiferromagnetic order and the charge order ac-
companied with the C-type AF order resulted in an enhancement of the characteristic
phonon-scattering mechanisms. The phonon scattering proportional to j, was en-
hanced in LagsoSros0MnO3s (A-type AF) and we proposed that the phonon scattering
due to tunneling states related to lattice instability might be important in
Lag50S1950MnOs. In contrast, the phonon scattering proportional to wf‘,h was enhanced
in the charge ordered C-type AF phase of Lag33Srg;MnO;3. The enhanced local Jahn-
Teller distortion might be responsible for the enhancement in the w}, phonon scatter-
ing. Thus, in the La;_xSryMnOs; system the different type of ordering brings about a
phonon scattering enhancement characterized by different power dependence on pho-
non frequency wpp.
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