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Variation of electronic structure in La 12xSrxMnO3 „0<x<0.3… as investigated
by optical conductivity spectra

Y. Okimoto, T. Katsufuji, T. Ishikawa, T. Arima,* and Y. Tokura
Department of Applied Physics, University of Tokyo, Tokyo 113, Japan

~Received 30 September 1996!

Optical conductivity spectra and their variation with temperature and doping levelx have been investigated
for single crystals of La12xSrxMnO3 (0<x<0.3). For the low-doped insulating crystal (x50.1) which shows
a ferromagnetic insulating state at low temperature, the spectral weight of the optical conductivity increases
only in the inner-gap region around 0.5 eV, but no Drude part emerges due to carrier localization effect. For
x>0.17, where the low-temperature ferromagnetic metallic state shows up, the optical conductivity spectrum
aboveTc is characterized by interband transitions between the exchange-split conduction bands, and it gradu-
ally changes into that of intraband excitations belowTc . The energy scale~up to'2 eV! of the spectral weight
transfer is determined by the effective Hund’s-rule coupling energy. In the metallic phase, low-energy spectra
arising from intraband excitations can be sorted into two parts: One is a nearlyv-independent broad structure
~incoherent part!, and the other a sharp coherent Drude peak with anomalously low spectral weight. This can
hardly be reconciled with the simple double-exchange theory, but indicates that another degree of freedom
~e.g., the orbital ordering and/or electron-lattice interactions! should be taken into account.
@S0163-1829~97!11707-6#
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I. INTRODUCTION

Hole-doped manganese oxides with perovskite-type st
ture have long been known as one of prototypical conduc
ferromagnets.1–3 The ferromagnetic metallic state in the
compounds is stabilized by the double-exchange me
anism4–6 originating from the strong coupling between th
charge-carriers and local spins which are both dominantl
the 3d orbital character. In the course of the recent rena
sance of study on the 3d transition-metal oxides, thes
double-exchange systems have been revisited, and the
teresting aspects are being unraveled. Those are versati
triguing phenomena induced by a magnetic field, such
‘‘colossal’’ magnetoresistance observed commonly near
ferromagnetic transition temperature (Tc) in the most of the
doped manganites,7–14 the field-melting of the charge- and/o
orbital-ordered state accompanying a huge change of
resistivity,15–18 and field-induced structural transitions ev
near room temperature,19,20 field control of intergrain or in-
terplane tunneling of highly spin-polarized carriers,21,22 and
so on. All these phenomena are considered as relevan
unique electronic structures of the perovskite-type mang
ites in which mutual coupling among the charge, spin, orb
and lattice degrees of freedom is particularly important.
this paper, we adopt crystals of La12xSrxMnO3 as the most
prototypical double-exchange system, and investig
anomalously large variation of their electronic structu
with temperature and hole-doping level (x) by measurements
of optical conductivity spectra.

The parent material LaMnO3 is a charge-transfer typ
~CT-type! insulator23,24 in the Zaanen-Sawatzky-Allen
scheme,25 and has fourd electrons per Mn31 site with a
configuration oft2g

3 eg
1 . As the nominal hole concentratio

(x) is increased, La12xSrxMnO3 shows a phase change fro
an antiferromagnetic to ferromagnetic state aroundx50.1,
550163-1829/97/55~7!/4206~9!/$10.00
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and subsequently the low-temperature ferromagnetic ph
undergoes an insulator-to-metal transition arou
x50.17.1,3,10 Such a conducting ferromagnetic state is e
plained by the double-exchange mechanism.4–6 In the metal-
lic phase, the conduction band consists of 3deg state hybrid-
ized strongly with the O 2p state, while thet2g electrons are
still localized, forming local spins (S5 3

2!. The strong inter-
action ~Hund’s-rule coupling! between aneg electron and a
t2g local spin plays an important role in the electronic pro
erties of this system.

As a model in the doped manganites, Kubo and Oha26

proposed the following Kondo lattice model with ferroma
netic exchange coupling (JH.0):

H52 (
i , j ,s

t i , j~ci ,s
† cj ,s1H.c.!2JH(

i
sW i•SW i . ~1!

HeresW i represents the spin of the itineranteg electron, and
SW i the localizedt2g spin (S5 3

2!. The Hund’s-rule coupling
energySJH @'2 eV ~Ref. 23!# exceeds the one-electro
bandwidth (W).27 A consequence of this strong electron-sp
coupling is the exchange-splitting of the spin-polarized co
duction bands by'SJH and the spin-polarization of the con
duction electrons varies from 0 to 100% with lowering tem
perature. Recently, Furukawa28,29 derived the optical
conductivity from this Kondo lattice model by the dynamic
mean-field approximation, and showed that the spectra
critically dependent on the spin-polarization accompany
the spectral weight transfer from the interband transitio
between the exchange-split bands to the Drude p
Therefore, the optical spectroscopy in the photon ene
region up to above'SJH is indispensable to clarify the
spin-polarization dependent electronic features
La12xSrxMnO3.
4206 © 1997 The American Physical Society
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55 4207VARIATION OF ELECTRONIC STRUCTURE IN . . .
Among a number of compositional combinations, t
La12xSrxMnO3 system is most appropriate for a first-sta
spectroscopic investigation in the sense that it is relativ
less affected by other instabilities, such as electron-lattic
charge- and/or orbital-ordering interactions. This is beca
the W value of the La12xSrxMnO3 system is the larges
among various perovskite-type manganites due to the m
mal or no orthorhombic lattice distortion.14 Nevertheless, we
will show several anomalous features in the low-energy
tical conductivity spectra of this system which can be har
reconciled in terms of the simple double-exchange mode
described by Eq.~1!.

A part of the results for the specific hole concentrati
(x50.175) has been published in a form of short letter.30 In
this paper, we present full results of the spectra
La12xSrxMnO3 (x50.1, 0.175, and 0.3) together with th
discussion on the variation of electronic structures with sp
polarization~temperature! as well as with the nominal hole
concentrationx.

II. EXPERIMENT

A. Sample preparation and characterization

All the crystals investigated were single crystals m
grown by a floating zone method as described in detai
Ref. 14. Measurements of powder x-ray-diffraction patte
showed that all the obtained samples were of single ph
and that the crystal structure at room temperature were or
rhombic (x50, 0.1, and 0.175) and rhombohedr
(x50.3). Analyses of chemical composition were perform
for each sample using an electron probe microanalyzer
redox titration, and showed the almost identical composit
with the prescribed ratio.14 To characterize the compound
we measured the temperature dependence of the resis
and the magnetic susceptibility. For the resistivity measu
ments, the samples were cut to a rectangular shape, a
standard four-probe technique was used. Magnetic susc
bility was measured with a superconducting quantum in
ference device magnetometer.

To overview the electronic behaviors of the mangani
to which we have measured optical spectra, in Fig. 1
show the temperature dependence of resistivity (r) in
La12xSrxMnO3 (x50, 0.1, 0.175, and 0.3) together wit
the electronic phase diagram. LaMnO3 (x50) is a corre-
lated insulator with a layer-type (A-type! antiferromagnetic
spin structure.31,32 As the nominal hole concentrationx in-
creases, the ferromagnetic phase shows up and the C
temperatureTc increases as indicated in the resistivity cur
~the lower panel of Fig. 1! by arrows. In the region of
x>0.1, cusp structures appear in ther-T curve aroundTc .
At x50.1, the r-T curve shows an insulating behavio
(dr/dT,0) apart from the temperature region immediate
below Tc , and most of the ferromagnetic phase33 remains
insulating. By contrast, the resistivity forx>0.17 shows a
metallic behavior (dr/dT.0) belowTc . The resistivity of
the metallic state at the lowest temperature is two order
magnitude smaller than that aroundTc . There is a difference
betweenx50.175 andx50.3 in the resistivity aboveTc .
The x50.175 crystal shows a semiconducting (dr/dT,0)
behavior aboveTc , which is perhaps due to the combinatio
effect of the spin scattering in the paramagnetic state
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some random potential scattering34 or dynamic Jahn-Teller
coupling.35 For x50.3, however, ther-T curve shows a me-
tallic behavior over the whole temperature region.

B. Optical measurements

Reflectivity spectra of near-normal incidence were m
sured for crystals of La12xSrxMnO3 (x50, 0.1, 0.175,
and 0.3) with a typical size of'63631 mm3. Reflectivity
spectra in the far- and mid-infrared range 0.01–0.8 eV w
measured using a Fourier transform type interferometer w
a 4.2-K bolometer~0.01–0.1 eV! and MCT detector~0.08–
0.8 eV!. Grating-type monochromators were used for t
higher-energy range, 0.6–36 eV. For the measurement ab
6 eV, we made use of synchrotron radiation at the Instit
for Solid State Physics, University of Tokyo. In order
investigate the temperature dependence of the optical s
tra, we measured reflectivity spectra at selected temperat
up to 3.0 eV. As a reference mirror, we used evaporated
film ~far- or near-infrared region!, and Ag film ~visible
range!. We fixed the reference mirror near the sample with
a cryostat and interchanged with the sample. That is, all
spectra were measured at each temperature from 0.01
eV, and extrapolated by the data above 3 eV at room te
perature. Such a procedure is possible and reasonable
cause the variation of the reflectivity in the high-energy
gion with the change of the temperature is negligibly sm
~less than 1% at 3.0 eV!.

FIG. 1. Upper panel: Electronic phase diagram
La12xSrxMnO3 after Urushibaraet al. ~Ref. 14!: P.I. ~paramagnetic
insulator!, CN.I. ~spin-canted insulator!, F.I. ~ferromagnetic insula-
tor!, P.M. ~paramagnetic metal!, and F.M. ~ferromagnetic metal!.
Lower panel: Temperature dependence of resistivity in crystals
La12xSrxMnO3 (x50, 0.1, 0.175, and 0.3), for which the opt
cal spectra were measured. Arrows indicate the respective C
temperatureTc .
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The optical conductivity spectra were obtained
Kramers-Kronig analysis of the reflectivity data. For th
analysis, we assumed the constant reflectivity below 0.01
for all the data. It was confirmed that the optical conductiv
spectra above 0.01 eV were not sensitive to the extrapola
procedure. For higher-energy reflectivity than 36 e
v24-type extrapolation was used.

III. OVERALL FEATURES OF OPTICAL SPECTRA

First, let us overview the optical spectra
La12xSrxMnO3 in a wide photon energy region. Arima an
Tokura36 have recently investigated the optical spectra o
series of LaMO3 (M being 3d transition-metal elements!,
and revealed the character of optical transitions in the res
tive spectra. In the following, we refer to their assignme
for the interpretation of the higher-lying transitions
La12xSrxMnO3.

In Fig. 2 we show thee2 spectra deduced by Kramer
Kronig analysis. As for the structures above 6 eV, there
three major peaks around 25, 17, and 8 eV in thee2 spectra
for all thex values. The'25-eV structure marked with ope
triangles can be assigned to the intra-atomic transition
tween La 5p and 5d. This transition was observed to show
systematic variation with the rare-earth elementR, as ob-
served in other perovskite series,RNiO3 ~Ref. 36! and
RCoO3.

37 The structures around 17~open squares! and 8 eV
~closed triangles! correspond to interband transitions from
2s to Mn 3d and from O 2p to La 5d, respectively.36 These
assignments are consistent with those based on the ph
emission and x-ray ~O 1s) absorption spectra o
La12xSrxMnO3 by Saitoh et al.24 In contrast to these
x-independent features of higher-lying (.8 eV! transitions,
the lower-energy part ofe2 shows a large variation with th
hole concentrationx.

FIG. 2. e2 ~imaginary part of dielectric constant! spectra in
La12xSrxMnO3 (x50.1, 0.175, and 0.3) at 9 K.~The spectra
above 3.0 eV were measured at room temperature, and connec
these at 9 K.!
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To scrutinize the changes in the lower-lying transition
we show in Fig. 3 the optical conductivity spectra„s(v)… at
9 K in La12xSrxMnO3 (x5020.3) in the photon energy
region of 0–6 eV. The 9-K spectra are viewed as repres
ing the ground-state feature for the respective dopingx)
levels. Thes(v) spectrum of the end insulator LaMnO3 ~a
solid line! has two notable optical excitations around'1.7
and'3.0 eV. The shape of the spectrum nearly agrees w
that measured by Arima and coworkers at roo
temperature.23,36 They assigned these structures to CT g
excitations, t2g

3 eg
1→t2g

3 eg
2L ~the lower-energy band! and

t2g
3 eg

1→t2g
4 eg

1L ~the higher-energy one!, and estimated the
Hund’s-rule coupling energyJH between aneg electron and
a t2g spin (SJH'2 eV!.36 The onset of the second CT exc
tation shifts to a lower energy asx increases. This is becaus
the occupied O 2p states shift upward in energy due to th
change of the Madelung-type electrostatic potential in
Sr-substituted lattice.38 Similar effects are also observed
other transition metal oxides, e.g., Y12xCaxTiO3 ~Ref. 39!
and La12xSrxVO3.

40 The lower-energy part ins(v) forms a
gap structure forx50 with the onset ofs(v) ~the first CT
excitation! around 1.2 eV. With hole-doping (xÞ0), the gap
appears to be filled in, in accord with the phase change
the metallic state. However, the spectral shape ofs(v) in
the metallic phase (x>0.17) seems to be unconventiona
being far from a simple Drude type even as compared w
other carrier-doped 3d transition-metal oxides.39,41,42 We
will come back to this problem in Sec. IV B.

IV. SPECTRAL WEIGHT TRANSFER
WITH SPIN POLARIZATION

A. Temperature- and doping „x… dependence
of optical conductivity spectra

In Fig. 4 we show reflectivity spectra forx50.1, 0.175,
and 0.3 with varying temperature from aboveTc down to 9
K. The reflectivity spectra forx50.1 @Fig. 4~a!# show an
insulating behavior: There are more than three spiky str
tures in the infrared region due to the optical-phonon mod

d to

FIG. 3. Optical conductivity spectra in La12xSrxMnO3 (x
50.1, 0.175, and 0.3! at 9 K. ~The original reflectivity spectra
above 3.0 eV, being nearly independent of temperature, were m
sured at room temperature, and connected to those at 9 K. See!
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55 4209VARIATION OF ELECTRONIC STRUCTURE IN . . .
With a decrease of temperature the reflectivity around 0.3
gradually increases, but little change occurs in the f
infrared region below 0.06 eV. On the contrary, the spec
for x50.175 @Fig. 4~b!# and 0.3 @Fig. 4~c!# show a large
variation with temperature. For both compositions, the
spective spectra aboveTc seem to be rather characteristic
insulators with distinct optical-phonon structures, but with
decrease of temperature the low-energy part of the reflec
ity spectra evolves and finally turns into a metallic hig
reflectivity band.

To investigate the electronic structure quantitatively,
derived optical conductivity spectras(v) by Kramers-
Kronig analysis. In Fig. 5 we show the temperature dep
dence ofs(v) for x50.1, 0.175, and 0.3. In thex50.1
spectra@Fig. 5~a!#, there is little spectral weight below 0.
eV apart from that of the three major phonon modes.
temperature decreases, the spectral weight is gradually a
mulated in the mid-infrared region around 0.3 eV, but ne
transferred down to the low-energy region below 0.1 e
This is in accord with the carrier localization behavior
seen in ther-T curve forx50.1 ~Fig. 1!. In thes(v) spectra
for the x50.175@Fig. 5~b!# and 0.3@Fig. 5~c!#, on the other
hand, the spectral weight shows a large temperat
dependent variation up to above 2 eV, indicating that
quantity that governs the spin-polarization-dependent e
tronic structure has a large energy scale. In Figs. 5~b! and
5~c!, each spectrum aboveTc ~with no spin polarization!
forms a broad peak~at '1.5 eV forx50.175 and'1.3 eV
for x50.3). These broad peaks are mainly composed of
interband transitions between the O 2p and Mn 3d (eg)
states, but their spectral weight gradually decreases an
transferred into the lower-energy part, 0–1.0 eV
x50.175 and 0–0.5 eV forx50.3, with decrease of tem
perature. It is noteworthy that there is a clear difference

FIG. 4. Reflectivity spectra at various temperatures
La12xSrxMnO3: ~a! x50.1, ~b! x50.175, and~c! x50.3.
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the energy scale of the spectral weight transfer betw
x50.175 and 0.3. Such a temperature dependence ofs(v)
over a wide photon energy region is quite unconvention
and reminiscent of the Mott transition in the correlated el
tron system.

To analyze the spectral weight transfer with change
temperature~or spin polarization of the conduction elec
trons!, we extract the temperature-independent part from
optical conductivity spectra. In Figs. 5~a!–5~c!, the respec-
tive curves ofs(v) spectra at various temperatures form
envelope as depicted by a hatched curve in the figure wh
is composed of the lowest-lying points of all the conductiv
spectra at each photon energy. It is reasonable to cons
that such a temperature-independent part stands for
‘‘background’’ interband transitions between the O 2p and
Mn 3d band which are not affected by change of spin pol
ization. Here we define a reduced optical conductivity sp
trum „s̃(v)… by subtracting the temperature-independent p
~drawn by hatching! from eachs(v) spectrum. In Figs. 6~a!,
6~b!, and 6~c!, we shows̃(v) spectra forx50.1, 0.175, and
0.3, respectively. We omitted the infrared phonon parts
avoid complexity. In Fig. 6~a! (x50.1), the spectral weigh
in the midinfrared region increases with decrease of the t
perature. On the other hand, Figs. 6~b! and 6~c! (x50.175
and 0.3! show that the gaplike transition on the highe
energy side aboveTc is gradually reduced in intensity, an
changes into thev50 centered band as temperature d
creases.

The formation of a midinfrared peak as observed in
low-temperatures̃(v) spectra forx50.1 is often seen in the
spectra of low-doped Mott-insulators which still remain i
sulating or semiconducting due to some localizati

FIG. 5. Optical conductivity spectra at various temperatures
La12xSrxMnO3: ~a! x50.1, ~b! x50.175, and~c! x50.3. The
hatched curves represent the temperature-independent parts o
spectra deduced from the envelope of the respective curves.
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effect.40,41,43,42In general, such a midinfrared peak even
ally shifts to lower energy, forming anv50 centered peak
~a quasi-Drude band! upon the insulator-metal transition wit
further doping. The observed change of the ground s
s̃(v) spectra in going fromx50.1 to 0.175@see and com-
pare the 9-Ks̃(v) spectra shown in Fig. 6# is consistent with
this general tendency. The localization of doped carriers
the x50.1 manganite is likely to come from the Jahn-Tel
~JT!-type electron-lattice coupling~formation of JT po-
larons! ~Refs. 44 and 45! in addition to the conventiona
random potential effect due to the alloying of the~La,Sr!
site. In this case, the spin-polarizedeg conduction bands are
subject to the splitting (DJT) due to the JT distortion, a
schematically shown in Fig. 7~b!, as well as in the paramag
netic case@Fig. 7~a!#. Then the lower-lyings̃(v) band has a
character of the interband transitions between the JT-s
up-spin bands. The growth of the spin polarization with d
crease of temperature should tend to increase the spe
intensity because of the effective increase in theeg electron
transfer interaction. The feature is in accord with the o
served result, and also clearly demonstrated by the dyna
cal mean-field calculation for the strong JT-coupling case
Millis, Mueller, and Shraiman,44 who took into account both
double-exchange and JT interactions. The band peak en
('0.5 eV! observed in thex50.1 spectra thus gives a me
sure of the binding energy (DJT) of the JT polaron.

The spin-polarization-dependent change ins̃(v) for the
ferromagnetic metallic phase (x50.175 and 0.3! may be in-
terpreted more straightforwardly in terms of the simp
double-exchange model,28,30 since the JT coupling effect i
less important for the higher-x metallic phase. As shown in
the lower panel of Fig. 7, the Hund’s-rule coupling ener

FIG. 6. Reduced optical conductivity spectra which are deriv
by subtracting the temperature independent part~the hatched curves
in Fig. 5! at various temperatures in La12xSrxMnO3: ~a! x50.1, ~b!
x50.175, and~c! x50.3. The far-infrared region dominated by th
optical phonons is omitted to avoid complexity.
-

te
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r
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-
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rgy

SJH (S being the magnitude of thet2g local spin! between
theeg conduction carriers andt2g local spins (S5 3

2! perhaps
exceeds the one-electron bandwidth (W) of eg electrons.

27

Under this circumstance (SJH.W), theeg band should split
into two bands bySJH, as shown in Figs. 7~c! and 7~d!.28,29

AboveTc , such exchange-split bands are equally compo
of two subbands, i.e., an up-spin band and a down-spin b
Optical transitions are allowed only between the lower a
upper up- ~or down-! spin bands. A gaplike feature in
s̃(v) spectra aboveTc is thus assigned to the interband tra
sition between the exchange-split bands.

As temperature is decreased belowTc , the density of
states~DOS! for the respective subbands is modified in
spin dependent manner: The DOS for the lower~upper! up-
spin band increases~decreases!, whereas that for the lowe
~upper! down-spin band decreases~increases! with an in-
crease of the net magnetization. AtT50, the exchange-spli
bands turn into two completely spin-polarized bands,
tween which the optical transitions are forbidden. Therefo
the spectral weight of theinterbandtransitions between the
exchange-split bands is decreased, while that of theintra-
band excitation within the lower up-spin band gradual
grows up. The spectral weight transfer with decrease of te
perature as seen in Figs. 6~b! and 6~c! can be interpreted a
from the interband transitions to the intraband ones. Such
unconventional variation of the optical spectra with spin p
larization ~or with temperature! thus arises from the stron
spin (t2g) electron (eg) coupling (SJH.W) characteristic of
the doped manganite system.

Keeping the above in mind, let us see in more detail
T- andx-dependent changes ins̃(v) spectra for the metallic

d

FIG. 7. Schematics for the variation of the spin-polarized co
ductioneg bands with temperature in the double-exchange man
nites in the presence@upper panel,~a! and ~b!# and absence@lower
panel,~c! and ~d!# of Jahn-Teller distortions.
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55 4211VARIATION OF ELECTRONIC STRUCTURE IN . . .
x50.175 andx50.3 crystals. As clearly seen in Fig. 6, th
energy scale of the spectral weight transfer is decrea
with hole doping. The peak energy of the upper exchan
split band in s̃(v) should approximately correspond
SJH @in the definition of JH by Eq. ~1!#.29 For
x50.175, SJH'2 eV, which is consistent with the estima
based on the optical spectrum of LaMnO3.

36 But the effec-
tive value ofSJH is estimated as'0.9 eV for x50.3 by
taking the peak position of the interband transitions in
s̃(v) spectrum, and is considerably smaller than that
x50.175. This means that spin-charge coupling strength
measured bySJH /W decreases as the hole concentrationx is
increased. The present spectroscopic results directly indi
the crossover from the strong-coupling to the medium-
weak-coupling regime with hole doping. The origin of th
variation of the effectiveJH value withx may be explained
as follows: We have so far assumed that the spin-polar
conduction bands are of 3d eg orbital character. However
this picture is too simple for a quantitative argument of t
electronic structure, and thep-hole character has to be take
into account. In fact, the parent compound LaMnO3 should
rather be sorted into the charge-transfer insulator than
Mott-Hubbard insulator in the Zaanen-Sawatzky-All
scheme, and the doped hole should be in the stronglyd-p
hybridized state, as shown by photoemission spectroscop24

The larger admixture of thep-hole character then tends t
reduce the effective exchange splitting, since the effec
antiferromagnetic exchange coupling between the Mn lo
spin (S52) andp-hole spin is mediated by the second-ord
process and should be much reduced as compared with
bareJH value. As shown by a fairly large~by '1 eV! red-
shift of the 4-eV charge-transfer band shown in Fig. 3, the
doping up-shifts the O 2p state in general, and increases t
O 2p hole character for the conduction band. Thus, the
fective exchange splitting of the spin-polarized conduct
band is nominally screened and reduced with hole dop
x, even though the bareJH value is least changed by ho
doping.

B. Coherent versus incoherent part in low-energy part
of optical spectra

In Fig. 8 we show a magnification ofs(v) for
x50.175 in the low-energy region. With a decrease in te
perature, the conductivity at 0.05–0.1 eV is increased ne
independently of photon energy. By contrast, the 9-K sp
trum below 0.05 eV steeply increases with a decrease
photon energy, indicating the presence of a Drude peak c
acteristic of the metallic state. The value of dc conductiv
s(0) at 9 K is 2.63103 V21cm21 ~see Fig. 1!, and com-
parable to that obtained by extrapolating thes(v) spectrum.

Such a Drude part is observed notably as well in
s(v) spectra ofx50.3, as shown in Figs. 9~a! and 9~b!. As
the temperature is decreased, the conductivity is at first
creased below 0.1 eV from 380 to 130 K@see Fig. 9~a!#, but
decreased when the temperature is further lowered be
130 K @see Fig. 9~b!#. The observed spectral change remin
us of the infrared feature of thec-axis spectra of the cuprat
superconductors in whichs(v) is suppressed with decreas
of temperature giving rise to ad-function peak belowTc .
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The value of the dc conductivity from the resistivity me
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surements@s(0)'104 V21 cm21 at 9 K# is much larger
than the value ofs(v) atv50.01 eV, the smallest energy in
the present spectra. The major spectral weight of the coh
ent part is likely to lie in even a lower-energy region than th
one displayed here.

The Drude weight was estimated by the fitting procedu
with use of the dielectric function of Drude form plus Lor-
entz oscillators,47

«̃5«`2
vp
2

v21 ivGD
1(

j

Sj
v j
22v21 ivG j

. ~2!

As for the Drude form, we adopt the dc conductivity~cf.
Fig. 1! as thes(v→0) value, and hence the fitting param
eter is the scattering rate,GD . We exemplify in Fig. 10 the
result of fitting for thex50.175 crystal at 9 K. The calcu-
lated curve shown by a solid line reproduces the experime
tal spectrum~open circles!. Among the decomposed compo-
nents used in the fitting procedure, the Drude~coherent! and
incoherent parts are displayed by dotted and dashed lin

FIG. 8. Low-energy parts of the optical conductivity spectra i
La12xSrxMnO3 (x50.175) at various temperatures.

FIG. 9. Low-energy parts of the optical conductivity spectra i
La12xSrxMnO3 (x50.3) at 130–380 K~a! and at 9–130 K~b!.
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respectively. ~The remaining part is due to the optica
phonon modes.! We defined the Drude weightD as area of
the Drude part.

We may deduce the spectral weight of the inner-gap
sorption, i.e., summation of the coherent~Drude! and inco-
herent parts, which is defined by the following relation:

Ñeff~vc!5
2m

pe2NE0
vc

s̃~v!dv. ~3!

HereN represents the number of formula units~i.e., the num-
ber of Mn atoms! per unit volume. For the cutoff energ
\vc , we choose the energy at which the reduced opt
conductivitys̃(v) shows a well-defined minimum, making
distinction between the interband and intraband excitati
~see Fig. 6!. In Figs. 11~a! and 11~b!, we show the tempera
ture dependence of the two parametersD ~closed circle! and
Ñeff ~open circle! in x50.175 ~a! and x50.3 ~b!, respec-
tively. @Note that Ñeff for x50.3 excludes the
T-independent contribution because of the aforementio
subtraction procedure. Forx50.3, the paramagnetic phas
aboveTc is metallic, and the total spectral weight of th
incoherent part should be considered as sum of
T-dependentÑeff and the background part~perhaps<0.03
judging from the original spectrum in Fig. 5!.# For reference,
we also show the temperature dependence of square o
normalized ferromagnetic magnetization (M /Ms)

2 in the fig-
ure. ~The measurements ofM were performed under a mag
netic field of 0.5 T.! Ms is the saturated magnetization at t
lowest temperature ('4.0mB in x50.175 and'3.5mB in
x50.3). The calculation by the dynamical mean-fie
approximation29 indicates that the weight of intraband exc
tations within the lower exchange-split band is proportio
to (M /Ms)

2. As is clearly seen, the temperature variation
Ñeff is quite different from that of (M /Ms)

2: Even in the
lower-temperature region where (M /Ms)

2 is almost satu-

FIG. 10. The parameter-fitted result~a solid line! of the
optical conductivity spectrum at 9 K~open circles! in
La12xSrxMnO3 (x50.175) using the Drude-Lorentz model~see
text!. The calculated Drude and incoherent parts are shown by
ted and dashed lines, respectively.
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l
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rated, Ñeff keeps on changing, in particular forx50.175.
Such a contradiction to the prediction by the simple doub
exchange model implies that some large-energy-scale ca
scattering mechanism other than the spin fluctuation m
survive down to much lower temperatures thanTc .

Anomalously small Drude weight as estimated by t
aforementioned procedure may also be relevant to suc
carrier scattering. The Drude weightD is as small as
'0.012 even for the lowest temperature spectra for b
x50.175 and 0.3. Forx50.175, the Drude weight is
'1/5Ñeff . In a simple Drude model,D}n/m* , n being the
carrier number per Mn site, andm* effective mass in unit of
m0 ~bare mass!. Thenm* is estimated to be'80, provided
that the effective carrier densityn'1 as given by measure
ment of~ordinary! Hall coefficient.48 However, such an enor
mously heavy mass as derived by this simplified interpre
tion appears to be incompatible with the results of electro
specific heat measurements by Kumagai and Tokura:49 The
conventional low-temperatureT-linear specific heat is ob
served for the metallic phase (x>0.17) and the coefficien
g is 5–6 mJ/mol K2, being nearly independent ofx. The
value is typical of the least-renormalized band ma
(2m0–3m0). The behavior is also contrasted by the critica
x-dependent mass renormalization as observed in the ca
doped Mott insulators, such as La12xSrxTiO3.

50 It is worth
noting here that the apparently very small Drude weig
against the dominant incoherent-part is quite consistent w
the valence-electron photoemission spectra of the rele
manganites in which the unconventionally small spec
weight is barely observed at the Fermi level.24,51 Neverthe-
less, these spectroscopic observations cannot be simpl
lated to the other low-energy transport and thermodynam
properties, e.g., in terms of the simple Brinkman-Ri
picture.52 The peculiar behaviors observed in the low-ener
optical spectra which cannot be explained by the sim
double-exchange model or by the conventional Fermi-liq
picture are summarized as follows:

FIG. 11. Temperature dependence of the inner-gap absorp
Ñeff ~open circles! and Drude weightD ~closed circles! in
La12xSrxMnO3 for x50.175~a! andx50.3 ~b! ~see text!. Broken
lines are merely a guide to the eyes. The solid line shows the t
perature dependence of square of the normalized ferromag
magnetization (M /Ms)

2, Ms being the saturated magnetizatio
~4.0mB for x50.175 and 3.5mB for x50.3) at the lowest tempera
ture.
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~1! The low-energy spectra are composed mostly of th
incoherent part and lightly~about 20–30 % in fraction! of
the Drude response.

~2! The low-energy spectral weight composed of both th
incoherent and coherent parts shows the persistent temp
ture dependence even in the low-temperature region wh
the conduction electrons~or holes! are almost fully spin po-
larized.

~3! The small Drude weight arises from neither the heav
effective mass nor the small carrier density.

At present, we have no definite scenario for explanatio
of all the above observations, yet may speculate about p
sible origins for the strong carrier scattering. One is to in
voke the dynamical Jahn-Teller effect. The persistent Jah
Teller distortion may result in the formation of smal
polarons which are barely mobile even at low temperatur
The minimal Drude weight, the dominant incoherent par
and their persistent temperature dependence might be
plained by this hypothesis, but the seemingly unrenormaliz
g might hardly be reconciled. Another possible mechanis
may be related to the orbital degree of freedom in theeg
conduction state. The orbital may show the strong correlati
and fluctuation even in the almost fully spin-polarized stat
As an origin for the anomalous metallic state o
La12xSrxMnO3 as observed here, Ishihara, Yamanaka, a
Nagaosa53 recently proposed the concept of an orbital liqui
in which the ‘‘ferromagnetic’’ correlation of thedx22y2 or-
bitals and the resultant two-dimensional electronic charac
are enhanced, but can be disordered down to low tempe
ture. The internal consistency and discrepancy among
results of various measurements should be further inves
gated to unravel the nature of this intriguing metallic state

V. CONCLUSION

To unravel the electronic structure in La12xSrxMnO3 and
its variation with band filling~or hole concentrationx) and
temperature~or the averaged spin polarization of the conduc
tion holes!, we systematically investigated the optical con
ductivity spectra for single crystals withx50.1 ~insulating
even belowTc), 0.175~barely metallic belowTc but semi-
conducting aboveTc), and 0.3 ~metallic!. For the x50.1
crystal, the spectral intensity is accumulated in the midinfr
red region with decrease of temperature belowTc but never
comes close to zero energy, reflecting the insulating grou
state. A typical energy~0.5 eV! of the midinfrared band is
considered as representing the binding energy of the p
larons which may arise from the Jahn-Teller or releva
electron-orbital coupling. In the metallic crystals,x50.175
and 0.3, on the other hand, the conductivity spectra show
critically temperature-dependent transfer of the spect
weight from the interband excitation part to the intraban
o
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one relating to the exchange-split conduction bands. The
ergy scale of the spectral weight transfer corresponds to
effective splitting of the spin-polarized conduction band du
to the large Hund’s-rule coupling energy exceeding th
bandwidth; approximately 2 eV forx50.175 and 0.9 eV for
x50.3. The observedx-dependent change of the band spli
ting energy is perhaps ascribed to the increasingp-hole char-
acter withx.

The intraband transitions in the metallic phase, whic
dominate the spectrum up to'1 eV, is far from the conven-
tional Drude spectrum but should mostly be considered as
incoherent part. In fact, the real Drude part is discernib
below 0.04 eV, but with an anomalously small spectr
weight ~roughly one-fifth of the total intraband spectra
weight!. The spectral weight of the incoherent plus cohere
parts grows with the spin polarization, as expected from t
exchange-split band feature. However, the spectral wei
keeps on changing in a sufficiently low-temperature regi
~say below 50 K! in which the spin-polarization~or ferro-
magnetic magnetization! nearly saturates. These feature
may indicate the presence of the strong carrier scatter
process other than the spin fluctuation being persistent do
to low temperature. Such a strong carrier scattering mec
nism may also be responsible for the squeezed Drude wei
This is inherently not included in the simple double
exchange model, and is perhaps relevant to the orbital deg
of freedom of theeg spin-polarized electrons~or holes! or to
the resultant dynamical Jahn-Teller coupling. The anom
lously small Drude weight is simply related neither to heav
carrier mass nor to small carrier density, since the oppos
situation has been observed in measurements of electro
specific heat and Hall coefficient. The dynamics of the ful
spin-polarized electrons~or holes! with retaining orbital de-
grees of freedom in the doped perovskite manganites th
gives rise to unconventional metallic phase, the origin
which deserves for a further study.
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