
VOLUME 77, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S 26 AUGUST 1996

t
es

small
-6]
Frequency Shifts of the Internal Phonon Modes inLa0.7Ca0.3MnO3
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(Received 14 December 1995; revised manuscript received 11 June 1996)

Infrared reflectivity spectra were measured for a polycrystalline La0.7Ca0.3MnO3 sample. The internal
phonon modes, i.e., the bending and stretching modes, of the MnO6 octahedra show significan
frequency shifts near the Curie temperatureTC. The frequency shifts of the internal phonon mod
were found to have a linear relationship with the excess lattice expansion aboveTC , which deviates
from a prediction of the Grüneisen law. A strong electron-phonon coupling and a crossover from
to large polaronic states are attributed to the observed frequency shifts. [S0031-9007(96)01066

PACS numbers: 78.30.– j, 63.80.Kr, 72.15.Gd, 75.80.+q
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Recently, perovskite La12xAxMnO3 (A is a divalent
element such as Sr and Ca) has attracted much atte
due to its large negative magnetoresistance. For a b
range of doping concentration, i.e.,0.2 # x # 0.5, this
material has a ferromagnetic (FM) ordering atTC [1].
Interestingly, a typical temperature dependent resisti
curve of La12xAxMnO3 shows an insulating behavio
aboveTC and a metallic behavior belowTC.

The coexistence of the FM ordering and the metallic
havior has been traditionally explained within a framewo
of the double exchange (DE) model [2], which is based o
strong exchange interaction between itineranteg and local-
izedt2g electrons. However, a recent calculation by Mil
et al. indicated that the DE model alone cannot explain
sistivity and magnetoresistance effects quantitatively [3
In addition to the DE physics, they proposed that a lat
polaron due to a strong electron-phonon interaction p
an important role. Especially, they claimed that the latt
distortion due to the Jahn-Teller splitting of the outer M
d level is important. There have been lots of experimen
works [5,6] which suggest importance of the electro
lattice coupling in the manganese oxide, but a clear c
nection to the polaron effect is still lacking.

Infrared (IR) phonon spectra are sensitive to local
tice distortions [4,7]. Okimotoet al. [8] measured op-
tical spectra of a single crystal La12xSrxMnO3, but its
phonon spectra were not studied in detail. In this Let
we report our investigations on IR spectra of a polycrys
line La0.7Ca0.3MnO3 (LCMO) sample. While the sampl
enters from a paramagnetic insulating state into a
metallic state, the transverse optic (TO) phonon frequ
cies for the bending and stretching modes increase b
and20 cm21, respectively. These phonon frequency sh
will be compared with predictions of a model by Lee a
Min [9], which combines the DE interaction and the la
tice polaron. This work indicates that the electron-phon
coupling plays an important role in the lattice dynamics
the manganese oxide.

A polycrystalline LCMO sample was synthesized by
standard solid-state reaction method [10]. After calcin
and grinding repeatedly, resulting powder was pressed
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a pellet under 200 MPa using a cold isostatic press
and sintered. Sintering condition was optimized to g
sample of a high density, i.e., 98% of its theoretical va
The sample was finally annealed at 1100±C for 24 h in a
flowing oxygen atmosphere. A powder x-ray diffracti
study showed that the LCMO sample is a single phase
a pseudocubic perovskite structure. The inset of Fi
shows a magnetization curve which was measured un
magnetic field of 100 Oe after a field cooling: the LCM
sample has a FM ordering atTC . 250 K. The inset also
shows that temperature dependent dc resistivity,rsTd, de-
creases sharply nearTC.

Before IR reflectivity measurements, the LCMO sam
was polished up to0.3 mm. Near normal incidence refle
tivity spectra were measured using a Fourier-transform
spectrophotometer between 50 and5000 cm21, and a grat
ing spectrophotometer between 3000 and53 000 cm21.
Temperature of the sample was varied with a liquid
cooled cryostat.
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FIG. 1. Infrared reflectivity spectra of the La0.7Ca0.3MnO3
sample. The inset displays temperature dependent resis
and magnetization curves. The magnetization was measu
100 Oe after a field cooling.
© 1996 The American Physical Society 1877
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Figure 1 shows temperature dependent IR reflecti
spectra. At 300 K, the spectrum shows three main pho
bands. For a cubic perovskite [11], twelve optic phono
for q ­ 0 transform as the (3F1u 1 F2u) triply degenerate
irreducible representations of theOhsm3md point group.
The F2u mode is IR inactive, and threeF1u modes are
IR active. TheF1u phonon modes are called “externa
“bending,” or “stretching” modes, depending on the typ
of collective motions. The external mode, located arou
170 cm21, represents a vibrating motion of the La (C
ions against the MnO6 octahedra. The bending mod
located around330 cm21, reflects an internal motion o
the Mn and O ions located along a particular direct
against the other oxygen ions in a plane perpendicula
the direction. This mode is strongly affected by a chan
in the Mn-O-Mn bond angle. The stretching mode, loca
near580 cm21, corresponds to an internal motion of th
Mn ion against the oxygen octahedron and is sensitiv
the Mn-O bond length [11].

Optical conductivity, ssvd, was obtained from the
Kramers-Kronig transformation of the reflectivityR. For
a high frequency extrapolation,R above53 000 cm21 was
assumed to be constant up to 35 eV and havev24 depen-
dence above 35 eV. For a low frequency extrapolation,
Hagen-Rubens relation was used:R ø 1 2

p
2vrIRyp,

whererIR is the dc resistivity obtained by extrapolatin
the IR data. It is found thatrIR is smaller than the
measuredr by 1 or 2 orders of magnitude. A simila
behavior was observed in the microwave region a
attributed to tunneling across intergranular barriers [1
We changed the annealing conditions and obtained LC
samples withr between 30 and300 mV cm. However,
these samples had almost the same IR reflectivities,
gesting thatr is strongly influenced by intergranular co
duction and thatrIR reveals a more intrinsic property o
LCMO. A detailed study on this effect will be publishe
elsewhere [13].

The spectra ofssvd are shown in Fig. 2. Three stron
TO phonon peaks corresponding to the external, bend
and stretching modes are observed atvT1, vT2, and
vT3, respectively. At a low frequency region, there is
contribution from free carriers. AsT is lowered, the free
carrier contribution screens the external phonon mo
The line shapes of the phonon peaks are quite asymme
indicating that electron-phonon coupling is strong in
LCMO sample. In Fig. 2, it is important to note th
vT2 and vT3 change asT decreases. AsT is lowered,
bothvT2 andvT3 clearly shift to higher frequencies. Th
dielectric function,ẽsvd, of LCMO was modeled with a
Drude function and four Lorentz oscillators [14],

ẽsvd ­ e` 2
v2

p

sv2 1 ivytd
1

4X
j­1

Sj

v
2
Tj 2 v2 2 igjv

,

(1)

where e` is high frequency limit ofẽsvd. vp and t

are plasma frequency and relaxation time of free ca
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FIG. 2. Optical conductivity spectra of the LCMO sample
various temperatures. The room temperature positions of
phonon frequencies are shown as dotted lines. As tempera
decreases, the TO phonon frequencies of the bending
stretching modes increase significantly.

ers, respectively. And,Sj, vTj, andgj are the strength
frequency, and width of thejth Lorentz oscillator, respec
tively, wherej ­ 1 3 represent three phonon modes a
j ­ 4 a mid-IR absorption band.

The TO phonon frequencies obtained from the fitti
are shown in Fig. 3. WhilevT1 is nearly independen
of T, vT2 and vT3 change notably aroundTC. For the
bending mode,vT2 is 327 cm21 at 300 K and increases t
337 cm21 at 160 K, resulting in a shift of10 cm21. For the
stretching mode,vT3 changes from573 cm21 at 300 K to
593 cm21 at 160 K, resulting in a shift of20 cm21. These
g,

e.
ric,
e

i-

FIG. 3. TO phonon frequencies at various temperatures.
solid lines for vT2 and vT3 are predictions of a model by
Lee and Min [9], which considers polaron transport and latt
dynamics.
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frequency shifts indicate that the Mn-O-Mn bond angle a
the Mn-O distance change near the metal-insulator (
transition.

Figure 4 shows the temperature dependent lattice
stant,asT d, which was measured from x-ray diffractio
studies. Within our experimental resolution, LCMO r
mained in a pseudocubic phase above and belowTC. The
increase ofasTd between 80 and 300 K is about 0.005
corresponding to a length change of,0.13%. Note that
asTd changes significantly nearTC. A maximum of ther-
mal expansivity,dfasT dyas160 KdgydT , is located near
245 K, suggesting that the change in the lattice cons
is closely related to the MI transition. To see this effe
more clearly, a thermal lattice expansion due to anh
monicity, aahsTd, was evaluated with the Grüneisen la
with its Debye temperature of 530 K [15] and drawn a
dotted line in Fig. 4. There exists an excess lattice
pansion,aex ; sa 2 aahd, aboveTC. A similar effect
was observed in La0.6Y0.07Ca0.33MnO3 and attributed to
the polaron effect by Ibarraet al. [5].

As shown in Fig. 5, a normalized change of the latt
constant, Daexya ; faexsT d 2 aexs160 Kdgyas160 Kd,
increases drastically nearTC and starts to saturate ne
270 K. Normalized changes of the bending and stretch
phonon peaks,DvTjyvTj ; fvTjs160 Kd 2 vTjsTdgy
vTjs160 Kd, are also plotted with solid squares a
circles, respectively. It is quite clear that theDvT2 and
DvT3 are almost linearly proportional toDaex. And, it
can also be inferred thataah does not affect much on th
frequency shifts. Interestingly, the relative changes
vT2 andvT3 are much larger than that ofaex: compared
to the value of 0.04% inDaexya, DvTjyvTj ( j ­ 2 and
3) gives a large amount, i.e., about 3%.

A second-order magnetic phase transition is accom
nied by a discontinuity in the thermal expansion coe
o
m
lin
lu

ex-
esent
e
sion.
FIG. 4. The temperature dependent lattice constant
La0.7Ca0.3MnO3. A thermal expansion curve expected fro
the Grüneisen law is drawn as a dotted line. The dashed
shows thermal expansivity normalized with respect to the va
at 160 K, i.e.,dfasT dyas160 KdgydT .
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cienta nearTC, andDvT2 andDvT3 might be related to
such an effect. For example, a similar magnetoelastic
havior was observed in EuO, which also shows a mag
toresistance nearTC [16]. The Ehrenfest relation predict
that Da ­ sDCpy3TCV d s≠TCy≠Pd, whereCp andV are
a specific heat and a volume of the sample, respectiv
The pressure dependence ofTC, s≠TCy≠Pd, is found to
be quite large (i.e., 16 KyGPa) [17] for this manganes
oxide. From the known values ofDCp ø 40 JyK mol
[18], it is estimated thatDa ø 2.4 3 1025 K21, which is
comparable to the expansivity observed in Fig. 4. Ho
ever, a magnetoelastic effect cannot be a main source
the phonon frequency shifts in LCMO for the followin
three reasons: first, the shape ofa in Fig. 4 cannot be fit-
ted with an observedl-like shape ofCpyT by Ramirez
et al. [18]. Second, the change inM, shown in the in-
set of Fig. 1, occurs in a very narrow temperature reg
nearTC, so a typical dependence betweenDVyV andM
(such asDVyV ~ M2) cannot be satisfied. Third, th
magnitude ofDvTj observed in LCMO is larger by 1 o
2 orders of magnitude than that in other materials wit
similar magnitude forDa [19].

The anomalously largeDvTj near the MI transition
suggests that there is a strong electron-phonon coup
in LCMO [20]. And, it is quite possible that a formatio
of a local lattice distortion, called a “polaron,” results
the largeDvTj. Recently, Lee and Min [9] investigate
polaron transport and lattice dynamics using a model w
a DE Hamiltonian and an electron-phonon interaction.
the insulating region (i.e.,T $ TC) a small polaron is
formed. In the metallic region, the elementary excitati
becomes a large polaron due to an increase in the pol
bandwidth,gsT d ; kcossuy2dl, which is a thermodynamic
average of the cosine of the angle between the direct
f

e
e

FIG. 5. Relative changes of TO phonon frequencies and
cess lattice expansion. The solid squares and circles repr
relative changes ofvT2 and vT3, respectively. Note that th
frequency shifts are proportional to the excess lattice expan
1879
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of the neighboring spins. Then, the phonon frequency
shift due to the changes in the electron screening,

ev2
qsvd . v2

q 2 2vqjMqj2
1

gsT d

X
$k

n$k 2 n$k1 $q

t$k1 $q 2 t$k
, (2)

whereMq is the electron-phonon coupling constant, a
t$k andn$k are the transfer integral and the number opera
in the $k space, respectively. Since the summation term
almost temperature independent, Eq. (2) can be app
mated asevq . vqf1 2 bygsT dg1y2, whereb is a nearly
temperature independent parameter [21].

Using the temperature dependentgsT d predicted by
a mean field theory [22], the experimental values
DvT2 and DvT3 were fitted withb ø 0.14 and TC ø
250 K. As shown in Fig. 3, the theoretical prediction
can explain the observed phonon frequency shifts q
well, indicating that the polaron plays an important role
the MI transition of LCMO.

In the polaronic picture, the local lattice distortio
due to the strong electron-phonon coupling can tran
from one site to another, so crystal structure rema
nearly cubic. Since the external phonon mode will not
affected much by the local distortion, the change inDvT1

will be negligible. Moreover, the local lattice distortio
might change average lattice constant, which provide
qualitative explanation for the scaling betweenDaexya and
DvTjyvTj ( j ­ 2 and 3). A further study is required t
explain the scaling behavior quantitatively. It should a
be noted that the dynamic Jahn-Teller distortion, sugge
by Millis et al., is essentially a form of polarons. But,
is still required to check whether the observed freque
shifts in the bending and stretching modes are relate
the specific distortion.

In summary, we measured IR phonon spectra o
polycrystalline La0.7Ca0.3MnO3. Both the bending and
stretching modes of the MnO6 octahedron show signifi
cant frequency shifts near the MI transition, which a
explained in terms of a polaron model.
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