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Temperature evolution of the 1.5-eV absorption band in doped manganites:
Formation of Jahn-Teller clusters
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A systematic investigation of the absorption spectra of thin films of doped manganites has revealed an
anomalous temperature variation of the;1.5-eV absorption band. On approaching the insulator-metal transi-
tion temperatureTC from the high-temperature side, the band increases in intensity and then merges into the
Drude-like band in the ferromagnetic metallic state. We have interpreted the temperature variation in terms of
formation and disappearance of Jahn-Teller clusters.@S0163-1829~98!02943-9#
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The doped manganitesR12xSrxMnO3, whereR is a rare-
earth metal, show colossal magnetoresistive properties
above the insulator-metal transition temperatureTC , and are
attracting current interest from a technological point of vie
Its generic behaviors of paramagnetic-to-ferromagnetic tr
sition are understood within the framework of the doub
exchange theory,1 which includes only the transfer integralt
of theeg electrons and on-site exchange interaction~Hund’s-
rule couplingJH) between the itineranteg electrons and lo-
calizedt2g spins (S53/2). To explain the ‘‘colossal’’ value
of the magnetoresistance for the system with small o
electron bandwidthW, however, we need an additiona
mechanism for carrier localization aboveTC as well as the
magnetic-field release of the localization.

The most probable mechanism to supplement the dou
exchange model is the strong electron-lattice interaction
to the Jahn-Teller~JT! instability2 inherent to the constituen
Mn31 ions with four 3d electrons. In fact, several optica
data3,4 suggest formation of small polarons~or JT polarons!
in the paramagnetic insulating state aboveTC . According to
their scenario, the insulator-metal transition can be viewe
transformation of small polarons into bare electrons~or large
polarons! due to the enhanced transfer integralt in the per-
fectly spin-polarized ferromagnetic state. Here, we should
careful of the concept of ‘‘small polarons’’ because dop
manganites is a dense carrier system. In such a system,
relation among the JT polarons becomes significant. In so
case, the correlated polarons spontaneously gather to fo
cluster state, analogously to the case of the cooperativel
distorted charge-ordered state of La0.5Ca0.5MnO3.5 Recently,
Mori et al.6 have performed low-temperature electro
diffraction measurements for La12xCaxMnO3(x51/2, 2/3
and 3/4!, and have found stripe patterns that are ascribe
two heavily JT distorted diagonal Mn31O6 pairs. This obser-
vation suggests that such a cooperatively JT distorted st
ture is stable in doped manganites.
PRB 580163-1829/98/58~19!/12540~3!/$15.00
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In this paper, we have systematically investigated te
perature evolution of absorption spectra in thin films of t
doped manganitesR0.6Sr0.4MnO3. With changing the aver-
aged ionic radiuŝr A& of the perovskiteA site, we can con-
trol the W value; the ferromagnetic metallic phase is su
pressed with reducinĝr A& and disappears beloŵr A&'1.32
Å (R5Sm).7 We have found that the spectral evolution
the ;1.5-eV band shows a close resemblance with tha
the prototypical charge-ordered compound Pr0.6Ca0.4MnO3.8

This suggests formation of the cluster state of the JT
larons, or the short-range charge-ordered state, in the p
magnetic insulating state.

Thin films of doped manganitesR0.6Sr0.4MnO3 with
thickness of ;100 nm were fabricated using a vacuu
pulsed-laser deposition apparatus. Calcined powder
pressed into a pellet with a size of 20 mmf35 mm and
sintered at 1300 ° C for 48 h. An excimer laser beam of 2
nm with a repetition rate of'5 Hz and pulse energy o
'180 mJ was focused onto the target in the vacuum ch
ber. The compound was deposited onto a MgO~100! sub-
strate that was heated at 850–950 °C in an atmospher
'300 mTorr oxygen. The fabricated films were annealed
760 Torr oxygen atmosphere for 1 h, and then slowly coo
down. The MgO substrate is transparent in a wide ene
region of 0.1–5.0 eV, and is suitable for the optical measu
ments. X-ray diffraction measurements revealed that the
tained films were~110!-oriented in the pseudocubic settin
Thickness of the films was determined by a scanning e
tron microscope. Critical temperatureTC for the insulator-
metal transition was determined from the inflection point
theM -T curve. Absorption coefficienta(v) was determined
from transmission spectra using the standard formula
glecting a multireflection effect, since the optical density
our films is larger than 0.7 in the spectral region investigat
Reflectance correction is not performed, since the reflecti
is low and nearly constant~12R;0.85! in the spectral
12 540 ©1998 The American Physical Society
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region investigated~0.4 – 5.0 eV!. Resistivity of the films
was measured by a conventional four-probe method.
r-T curves forR5Sm, Nd0.25Sm0.75, and Nd0.5Sm0.5 are of
activation-type aboveTC with activation energyEa of ;0.2
eV. Ther value steeply decreases below Curie tempera
TC , showing an insulator-metal behavior.

Figure 1~a! shows absorption spectruma(v) for
Sm0.6Sr0.4MnO3, whose resistivity is typical of an insulato
a(v) spectrum shows strong temperature dependence
spectral weight below;0.9 eV transfer around;1.5 eV
with decreasing temperature. Such a spectral evolution h
close resemblance with that of Pr0.6Ca0.4MnO3, which shows
the charge-ordering transition atTCO5220 K.9 The inset of
Fig. 1~a! shows optical conductivitys(v) spectra8 ~elec-
tronic fieldE parallel to theb axis! for Pr0.6Ca0.4MnO3: solid
and broken spectra stand for below and aboveTCO, respec-
tively. In the low-temperature charge-ordered state,
nominally Mn31 and Mn41 species alternate within theab
plane in the pseudocubic setting. Then, the moved spe
weight around 1.3 eV corresponds to transition of aneg elec-
tron from the JT-distorted Mn31O6 site to the undistorted
Mn41O6 site. The same charge-ordering pattern is co
monly observed in doped manganites with commensu
hole concentration (x51/2), e.g., Nd0.5Sr0.5MnO3,10

~La,Nd!0.5Sr0.5MnO3
11 and ~Nd,Sm!0.5Sr0.5MnO3.12

In the lower panel of Fig. 1, we showa(v) spectra for
ferromagnetic ~La0.5Nd0.5)0.6Sr0.4MnO3 (TC5315 K! with
large W. With decreasing temperature belowTC , spectral
weight above;2.2 eV transfers to the lower-energy regio

FIG. 1. Temperature dependence of absorption spectruma(v)
for ~a! Sm0.6Sr0.4MnO3 and ~b! ~La0.5Nd0.5)0.6Sr0.4MnO3 . Inset
shows optical conductivitys(v) for Pr0.6Ca0.4MnO3 single crystal
~cited from Ref. 8!.
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below ;1.4 eV. The higher-lying component is assigned
the interband transition between the exchange-split ban7

while the lower-lying component is to the intraband tran
tion ~so-called Drude-band!. The temperature dependenc
of the interband transition is well reproduced by that
12(M /M s)

2, whereM andM s are the induced and saturate
magnetizations, respectively, as expected from a mean-fi
type interpretation.

To analyze the spectral behavior in more detail, we defi
differential absorption spectrumDa(T) as

Da~T!5a~T!2a~Tmax!, ~1!

where Tmax is 300 K. In Fig. 2 are shown the differentia
absorption spectraDa(T) for ~a! R5Sm ~insulator!, ~b!
Nd0.25Sm0.75 (TC590 K!, and ~c! Nd0.5Sm0.5 (TC5175 K!:
solid and broken curves stand for above and belowTC . In
the case ofR5Sm @Fig.2~a!#, the ;1.5-eV absorption band
grows as temperature decreases. Overall spectral evolutio
the insulating state (>TC ; solid curve! is similar for R
5Nd0.25Sm0.75 @Fig. 2~b!# and Nd0.5Sm0.5 @Fig. 2~c!#. With
further decreasing temperature belowTC , however, the
;1.5-eV band merges into the Drude-like component~see
broken curves in Fig. 2!. These have been interpreted
terms of crossover from JT polarons to large polarons du
the enhancedW in the perfectly spin-polarized ferromagnet
state.4 In Fig. 3 we plotted the spectral weightS:

FIG. 2. Differential absorption spectraDa(T) for ~a!
Sm0.6Sr0.4MnO3 ~insulator!, ~b! (Nd0.25Sm0.75)0.6Sr0.4MnO3

(TC590 K!, and ~c! (Nd0.5Sm0.5)0.6Sr0.4MnO3 (TC5175 K!. Solid
and broken curves are for above and belowTC .
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S[E
1.0 eV

2.2 eV

Da~v!dv. ~2!

In all cases,S steeply increases on approachingTC from the
high-temperature side, and then disappears belowTC . If the
absorption band were due to excitation ofisolated small
polarons,13 growth of the band means increase in number
small polarons. This is rather curious because the estim
polaron binding energy@Ep'0.8 eV~Ref. 4!# is much higher
than the energy scale of temperature. In addition, activa
energyEa ~;0.2 eV! for resistivity is smaller than theEp
value. These contradictions imply that polaron correlat
plays a significant role in temperature evolution of the a

FIG. 3. Spectral weightSof the;1.5-eV band against tempera
ture. Downward arrows represent the insulator-metal transition t
peratureTC .
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sorption band. The close resemblance of the spectral ev
tion ~see Fig. 1! suggests that theclusterstate of JT polarons
is realized in the insulating state.

The most plausible local structure of the cluster state
the cooperatively JT distorted state observed in the lo
temperature phase of La1/2Ca1/2MnO3.14 In this structure, the
gain in lowering the elastic energy overwhelms the cost
Coulomb energy. Nearly free electrons outside of the clus
can mediate the charge transport, but are amenable to
scattering at the cluster boundaries causing the insula
behavior. These electrons are captured at the cluster bo
aries as temperature decreases. Then, the clusters incre
size, causing growth of the;1.5-eV band as observed~see
Fig. 3!. Application of an external magnetic field~or further
cooling! enhances thet value via alignment of the loca
spins, and hence, erases the clusters to achieve the ferro
netic metallic state. This is the scenario of the field- a
temperature-induced insulator-metal transitions.

In summary, we have systematically investigated the
sorption spectra of doped manganites, and have reveale
anomalous temperature dependence of the;1.5-eV band.
The observation suggests formation of a JT cluster in
insulating state within the undistorted matrix. We belie
that formation of the cluster is the origin of the coloss
magnetoresistance as well as the insulator-metal behavio
doped manganites. Electron diffraction and Rama
scattering measurements are now in progress to get d
evidence of the cluster formation in the paramagnetic in
lating state.
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