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Variation of electronic structure in La;_,Sr,MnO; (0<x=<0.3) as investigated
by optical conductivity spectra
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Department of Applied Physics, University of Tokyo, Tokyo 113, Japan
(Received 30 September 1996

Optical conductivity spectra and their variation with temperature and dopingXevale been investigated
for single crystals of La_,Sr,MnO; (0=<x=0.3). For the low-doped insulating crystal=€ 0.1) 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
aboveT, is characterized by interband transitions between the exchange-split conduction bands, and it gradu-
ally changes into that of intraband excitations belbw The energy scal@ip 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 nednlyependent broad structure
(incoherent pajt 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 interacliorshould be taken into account.
[S0163-1827)11707-9

[. INTRODUCTION and subsequently the low-temperature ferromagnetic phase
undergoes an insulator-to-metal transition around
Hole-doped manganese oxides with perovskite-type strucx=0.1731 Such a conducting ferromagnetic state is ex-
ture have long been known as one of prototypical conductingplained by the double-exchange mechanfsfiin the metal-
ferromagnet$3 The ferromagnetic metallic state in these lic phase, the conduction band consists deg state hybrid-
compounds is stabilized by the double-exchange mechzed strongly with the O @ state, while the,4 electrons are
anism~® originating from the strong coupling between the Still localized, forming local spins§=3). The strong inter-
charge-carriers and local spins which are both dominantly oction (Hund’s-rule coupling between arey electron and a
the 3d orbital character. In the course of the recent renaisfzg 10cal spin plays an important role in the electronic prop-
sance of study on the d3 transition-metal oxides, these ©rties of this system. _
double-exchange systems have been revisited, and their in- As a model in th? doped manganites, KUb.O and Cfiata
teresting aspects are being unraveled. Those are versatile ip]r_o_posed the foIIowmg Kondo !attlce model with ferromag-
triguing phenomena induced by a magnetic field, such abete exchange couplingl;>0):
“colossal” magnetoresistance observed commonly near the
ferromagnetic transition temperaturé.f in the most of the
doped manganite’s1*the field-melting of the charge- and/or H= _i%, i
orbital-ordered state accompanying a huge change of the
resistivity®~*® and field-induced structural transitions even R
near room temperaturé? field control of intergrain or in- Heres; represents the spin of the itineragtelectron, and
terplane tunneling of highly spin-polarized carriét$?and & the localizedt,, spin (S=2). The Hund's-rule coupling
so on. All these phenomena are considered as relevant nergy SJ, [~2 eV (Ref. 23] exceeds the one-electron
unique electronic structures of the perovskite-type mangarbandwidth {V).?’ A consequence of this strong electron-spin
ites in which mutual coupling among the charge, spin, orbitatoupling is the exchange-splitting of the spin-polarized con-
and lattice degrees of freedom is particularly important. Induction bands by=SJ, and the spin-polarization of the con-
this paper, we adopt crystals of La,SrMnO; as the most  duction electrons varies from 0 to 100% with lowering tem-
prototypical double-exchange system, and investigat@erature. Recently, Furuka®s® derived the optical
anomalously large variation of their electronic structuresconductivity from this Kondo lattice model by the dynamical
with temperature and hole-doping leve) (by measurements mean-field approximation, and showed that the spectra are
of optical conductivity spectra. critically dependent on the spin-polarization accompanying
The parent material LaMn@is a charge-transfer type the spectral weight transfer from the interband transitions
(CT-type insulatof?* in the Zaanen-Sawatzky-Allen between the exchange-split bands to the Drude part.
schemé&® and has fourd electrons per MA* site with a  Therefore, the optical spectroscopy in the photon energy
configuration oftggeé. As the nominal hole concentration region up to above=SJ, is indispensable to clarify the
(x) is increased, La_,Sr,MnO; shows a phase change from spin-polarization  dependent electronic features in
an antiferromagnetic to ferromagnetic state arowrd0.1, La;_,SLMnO,.
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Among a number of compositional combinations, the
La;_,Sr,MnO; system is most appropriate for a first-stage

500 | B B R . a—

spectroscopic investigation in the sense that it is relatively 400k pg i
less affected by other instabilities, such as electron-lattice or SAE 2
charge- and/or orbital-ordering interactions. This is because '§f300

the W value of the La_,Sr,MnO; system is the largest % I

among various perovskite-type manganites due to the mini- & 200 EM

mal or no orthorhombic lattice distortidfi.Nevertheless, we /
will show several anomalous features in the low-energy op- | CNL:
tical conductivity spectra of this system which can be hardly L
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reconciled in terms of the simple double-exchange model as 102 , (:'1 02 |0'3| .0'4
described by Eq(l). £ Loy S5MnO; ]
A part of the results for the specific hole concentration 10 4 3
(x=0.175) has been published in a form of short letfdn |
this paper, we present full results of the spectra of a 10%F
La;_,Sr,MnO; (x=0.1, 0.175, and 0.3) together with the Z 0 ]
discussion on the variation of electronic structures with spin- g 1005_
polarization(temperaturgas well as with the nominal hole EIO‘li
concentratiorx. £
10-2f -
IIl. EXPERIMENT 1078 203 ¥
A. Sample preparation and characterization 10 40 3020

. . . Temperature (K)
All the crystals investigated were single crystals melt

grown by a floating zone method as described in detail in F|G. 1. Upper panel: Electronic phase diagram of
Ref. 14. Measurements of powder x-ray-diffraction patterng a,_,Sr,MnO; after Urushibarat al. (Ref. 14: P.1. (paramagnetic
showed that all the obtained samples were of single phaseésulatoy, CN.I. (spin-canted insulatdrF.1. (ferromagnetic insula-
and that the crystal structure at room temperature were orthaer), P.M. (paramagnetic metaland F.M. (ferromagnetic metal
rhombic (=0, 0.1, and 0.175) and rhombohedral Lower panel: Temperature dependence of resistivity in crystals of
(x=0.3). Analyses of chemical composition were performedLa; ,S,MnO; (x=0, 0.1, 0.175, and 0.3), for which the opti-
for each sample using an electron probe microanalyzer aneh! spectra were measured. Arrows indicate the respective Curie
redox titration, and showed the almost identical compositiorfemperaturel.
with the prescribed rati&* To characterize the compounds,
we measured the temperature dependence of the resistivigpme random potential scatterfigor dynamic Jahn-Teller
and the magnetic susceptibility. For the resistivity measureeoupling®® For x=0.3, however, the-T curve shows a me-
ments, the samples were cut to a rectangular shape, andtallic behavior over the whole temperature region.
standard four-probe technique was used. Magnetic suscepti-
bility was measured with a superconducting quantum inter-
ference device magnetometer. B. Optical measurements

To overview the electronic behaviors of the manganites Reﬂecti\/ity Spectra of near-normal incidence were mea-
to which we have measured optical spectra, in Fig. 1 wesyred for crystals of La ,SrLMnO; (x=0, 0.1, 0.175,
show the temperature dependence of resistivip) (N and 0.3) with a typical size 686X 6x 1 mn?. Reflectivity
La;—,SKMnO; (x=0, 0.1, 0.175, and 0.3) together with spectra in the far- and mid-infrared range 0.01-0.8 eV were
the electronic phase diagram. LaMa({x=0) is a corre- measured using a Fourier transform type interferometer with
lated insulator with a layer-typeAttype) antiferromagnetic g 4.2-K bolometef0.01-0.1 eV and MCT detecto(0.08—
spin structuré™*? As the nominal hole concentrationin- 0.8 e\). Grating-type monochromators were used for the
creases, the ferromagnetic phase shows up and the Cutiggher-energy range, 0.6—36 eV. For the measurement above
temperaturel; increases as indicated in the resistivity curveg eV, we made use of synchrotron radiation at the Institute
(the lower panel of Fig. Lby arrows. In the region of for Solid State Physics, University of Tokyo. In order to
x=0.1, cusp structures appear in thel curve aroundl..  investigate the temperature dependence of the optical spec-
At x=0.1, the p-T curve shows an insulating behavior tra, we measured reflectivity spectra at selected temperatures
(dp/dT<0) apart from the temperature region immediatelyup to 3.0 eV. As a reference mirror, we used evaporated Au
below T, and most of the ferromagnetic ph&$eemains  film (far- or near-infrared region and Ag film (visible
insulating. By contrast, the resistivity for=0.17 shows a range. We fixed the reference mirror near the sample within
metallic behavior §p/dT>0) belowT.. The resistivity of a cryostat and interchanged with the sample. That is, all the
the metallic state at the lowest temperature is two orders afpectra were measured at each temperature from 0.01 to 3
magnitude smaller than that aroufid. There is a difference eV, and extrapolated by the data above 3 eV at room tem-
betweenx=0.175 andx=0.3 in the resistivity abovd . perature. Such a procedure is possible and reasonable be-
The x=0.175 crystal shows a semiconductingp(dT<0) cause the variation of the reflectivity in the high-energy re-
behavior abovd ., which is perhaps due to the combination gion with the change of the temperature is negligibly small
effect of the spin scattering in the paramagnetic state an@ess than 1% at 3.0 eV
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FIG. 3. Optical conductivity spectra in La,Sr,MnO; (x
=0.1, 0.175, and 0)3at 9 K. (The original reflectivity spectra

above 3.0 eV, being nearly independent of temperature, were mea-
sured at room temperature, and connected to those at 9 K. Sege text.

Photon Energy (eV)

FIG. 2. €, (imaginary part of dielectric constanspectra in o ) . .
La, SLMnO; (x=0.1, 0.175, and 0.3) at 9 K(The spectra To scrutinize the changes in the lower-lying transitions,
above 3.0 eV were measured at room temperature, and connected#§® Show in Fig. 3 the optical conductivity spectia(w)) at
these at 9 K. 9 K in La;_4SrMnO; (x=0-0.3) in the photon energy
region of 0—6 eV. The 9-K spectra are viewed as represent-

The optical conductivity spectra were obtained bying the ground-state feature for the respective dopixy (
Kramers-Kronig analysis of the reflectivity data. For this €VelS. Theo(w) spectrum of the end insulator LaMnQa
analysis, we assumed the constant reflectivity below 0.01 eg°lid line) has two notable optical excitations around..7
for all the data. It was confirmed that the optical conductivity@nd~3.0 eV. The shape of the spectrum nearly agrees with
spectra above 0.01 eV were not sensitive to the extrapolatioffidt measured by Arima and coworkers at room
procedure. For higher-energy reflectivity than 36 ev,tem-peraturé.é ;I'heg a255|gned these structures to CT gap
o~ %-type extrapolation was used. excitations, t;,e;—t3,egL (the lower-energy bandand
t5,85—1t5,esL (the higher-energy oneand estimated the
Hund’s-rule coupling energy, between are, electron and
atyy spin (SJ~2 eV).*® The onset of the second CT exci-
tation shifts to a lower energy asincreases. This is because

First, let us overview the optical spectra of ; 4 .
- ; : ; the occupied O B states shift upward in energy due to the
La; -, SEMNOs in a wide photon energy region. Arima and change of the Madelung-type electrostatic potential in the

Tokura® have recently investigated the optical spectra of ) i I :
series of LMO, (M being 3 transition-metal elements %Sr-substituted lattic# Similar effects are also observed in

and revealed the character of optical transitions in the respe@jhde[trang't'gg rﬁgt%l] o>|<|des, e.g.,lYXCa;'ll'log (Rfef. 39
tive spectra. In the following, we refer to their assignmentsan ?—Xt x ¢ 3'_0 e_tﬁv;/ﬁr—energ[y %ar m(t;)) fprTSC_?
for the interpretation of the higher-lying transitions jn 93P Structure fox=u wi e onset 0 .(“’) (the firs
La,_,SrMnOs. excitation) around 1.2 eV. With hole-doping 0), the gap

Iln X,:ié( 2 we show thee, spectra deduced by Kramers- appears to be filled in, in accord with the phase change into
Kronig analysis. As for the structures above 6 eV, there ard'® metallic state. However, the spectral shaper@b) in
three major peaks around 25, 17, and 8 eV in¢hspectra the metallic phasex=0.17) seems to be unconventional,

for all thex values. The=25-eV structure marked with open being far from a simple Drude type even as compared with

H i ; 41,42
friangles can be assigned to the intra-atomic transition be2ther carrier-doped @ transition-metal oxideZ %2 We

tween La % and &. This transition was observed to show a will come back to this problem in Sec. IV B.
systematic variation with the rare-earth elemé&tas ob-
served in other perovskite serieRNiO; (Ref. 3§ and
RC00;.%" The structures around ¥@pen squarésand 8 eV
(closed trianglescorrespond to interband transitions from O
2sto Mn 3d and from O 2 to La 5d, respectively’® These
assignments are consistent with those based on the photo-
emission and x-ray (O 1s) absorption spectra of In Fig. 4 we show reflectivity spectra for=0.1, 0.175,
La;_,SLMnO; by Saitoh etal?* In contrast to these and 0.3 with varying temperature from aboVg down to 9
x-independent features of higher-lying-8 eV) transitions, K. The reflectivity spectra fox=0.1 [Fig. 4(@)] show an
the lower-energy part of, shows a large variation with the insulating behavior: There are more than three spiky struc-
hole concentratiorx. tures in the infrared region due to the optical-phonon modes.

Ill. OVERALL FEATURES OF OPTICAL SPECTRA

IV. SPECTRAL WEIGHT TRANSFER
WITH SPIN POLARIZATION

A. Temperature- and doping (x) dependence
of optical conductivity spectra
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FIG. 4. Reflectivity spectra at various temperatures in FIG. 5. Optical conductivity spectra at various temperatures in
La;_,SrMnO;: (a) x=0.1, (b) x=0.175, andc) x=0.3. La;_,Sr,MnO;: (@) x=0.1, (b) x=0.175, and(c) x=0.3. The
hatched curves represent the temperature-independent parts of the

With a decrease of temperature the reflectivity around 0.3 gypPectra deduced from the envelope of the respective curves.

gradually increases, but little change occurs in the far-
infrared region below 0.06 eV. On the contrary, the spectrdhe energy scale of the spectral weight transfer between
for x=0.175[Fig. 4(b)] and 0.3[Fig. 4(c)] show a large x=0.175 and 0.3. Such a temperature dependencg ®)
variation with temperature. For both compositions, the re-over a wide photon energy region is quite unconventional,
spective spectra abovie, seem to be rather characteristic of and reminiscent of the Mott transition in the correlated elec-
insulators with distinct optical-phonon structures, but with atron system.
decrease of temperature the low-energy part of the reflectiv- To analyze the spectral weight transfer with change of
ity spectra evolves and finally turns into a metallic high-temperature(or spin polarization of the conduction elec-
reflectivity band. trons, we extract the temperature-independent part from the
To investigate the electronic structure guantitatively, weoptical conductivity spectra. In Figs(®—-5(c), the respec-
derived optical conductivity spectrar(w) by Kramers- tive curves ofo(w) spectra at various temperatures form an
Kronig analysis. In Fig. 5 we show the temperature depenenvelope as depicted by a hatched curve in the figure which
dence ofo(w) for x=0.1, 0.175, and 0.3. In the=0.1 is composed of the lowest-lying points of all the conductivity
spectra[Fig. 5a)], there is little spectral weight below 0.2 spectra at each photon energy. It is reasonable to consider
eV apart from that of the three major phonon modes. Aghat such a temperature-independent part stands for the
temperature decreases, the spectral weight is gradually acctbackground” interband transitions between the @ and
mulated in the mid-infrared region around 0.3 eV, but neveiMn 3d band which are not affected by change of spin polar-
transferred down to the low-energy region below 0.1 eV.ization. Here we define a reduced optical conductivity spec-
This is in accord with the carrier localization behavior astrum (o(w)) by subtracting the temperature-independent part
seen in the-T curve forx=0.1(Fig. 1). In theo(w) spectra  (drawn by hatchingfrom eacho(w) spectrum. In Figs. @),
for the x=0.175[Fig. 5b)] and 0.3[Fig. 5(c)], on the other 6(b), and Gc), we showo(w) spectra foxx=0.1, 0.175, and
hand, the spectral weight shows a large temperatured.3, respectively. We omitted the infrared phonon parts to
dependent variation up to above 2 eV, indicating that theavoid complexity. In Fig. ) (x=0.1), the spectral weight
quantity that governs the spin-polarization-dependent eledn the midinfrared region increases with decrease of the tem-
tronic structure has a large energy scale. In Figb) &nd  perature. On the other hand, Figgband Gc) (x=0.175
5(c), each spectrum abovE; (with no spin polarization and 0.3 show that the gaplike transition on the higher-
forms a broad peakat ~1.5 eV forx=0.175 and=1.3 eV  energy side abov&, is gradually reduced in intensity, and
for x=0.3). These broad peaks are mainly composed of thehanges into thewv=0 centered band as temperature de-
interband transitions between the @ z2nd Mn 3 (e,) creases.
states, but their spectral weight gradually decreases and is The formation of a midinfrared peak as observed in the
transferred into the lower-energy part, 0-1.0 eV forlow-temperaturé(w) spectra fox=0.1 is often seen in the
x=0.175 and 0-0.5 eV fork=0.3, with decrease of tem- spectra of low-doped Mott-insulators which still remain in-
perature. It is noteworthy that there is a clear difference irsulating or semiconducting due to some localization
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FIG. 6. Reduced optical conductivity spectra which are derived
by subtracting the temperature independent (ibet hatched curves ) o _ )
in Fig. 5) at various temperatures in ,.a,Sr,MnOj: (a) x=0.1, (b) F_IG. 7. Schemqtlcs for the varlr_:mon of the spin-polarized con-
x=0.175, andc) x=0.3. The far-infrared region dominated by the ductione, bands with temperature in the double-exchange manga-
optical phonons is omitted to avoid complexity. nites in the presendeaipper panel(a) and(b)] and absencflower

panel,(c) and(d)] of Jahn-Teller distortions.

effect?0414342|n general, such a midinfrared peak eventu-
ally shifts to lower energy, forming am=0 centered peak SJ, (S being the magnitude of thig, local spin between
(a quasi-Drude bandipon the insulator-metal transition with the e, conduction carriers angg local spins 6= 2) perhaps
further doping. The observed change of the ground statexceeds the one-electron bandwidiV)( of e, electrons’’
o(w) spectra in going fronx=0.1 to 0.175[see and com- Under this circumstanceSd,>W), theey band should split
pare the 9-Ko(w) spectra shown in Fig.]és consistent with  into two bands by§J,, as shown in Figs.(€) and 7d).2%%°
this general tendency. The localization of doped carriers itAbove T., such exchange-split bands are equally composed
the x=0.1 manganite is likely to come from the Jahn-Teller of two subbands, i.e., an up-spin band and a down-spin band.
(JT)-type electron-lattice couplingformation of JT po- Optical transitions are allowed only between the lower and
larong (Refs. 44 and 4bin addition to the conventional upper up-(or down)j spin bands. A gaplike feature in
random potential effect due to the alloying of thea,S)  o(w) spectra abov@, is thus assigned to the interband tran-
site. In this case, the spin-polarizegl conduction bands are sition between the exchange-split bands.
subject to the splitting £;p) due to the JT distortion, as As temperature is decreased beldy, the density of
schematically shown in Fig.(B), as well as in the paramag- states(DOS) for the respective subbands is modified in a
netic casdFig. 7(a)]. Then the lower-lyingr(w) band has a spin dependent manner: The DOS for the loviigspe) up-
character of the interband transitions between the JT-splgpin band increase@ecreases whereas that for the lower
up-spin bands. The growth of the spin polarization with de-(uppe) down-spin band decreasémcreases with an in-
crease of temperature should tend to increase the spectralease of the net magnetization. B0, the exchange-split
intensity because of the effective increase inégelectron  bands turn into two completely spin-polarized bands, be-
transfer interaction. The feature is in accord with the ob-tween which the optical transitions are forbidden. Therefore,
served result, and also clearly demonstrated by the dynamihe spectral weight of thanterbandtransitions between the
cal mean-field calculation for the strong JT-coupling case byexchange-split bands is decreased, while that ofiti-
Millis, Mueller, and Shraimaf? who took into account both band excitation within the lower up-spin band gradually
double-exchange and JT interactions. The band peak energyows up. The spectral weight transfer with decrease of tem-
(=~0.5 eV) observed in thex=0.1 spectra thus gives a mea- perature as seen in Figs(bp and &c) can be interpreted as
sure of the binding energyA(;y) of the JT polaron. from the interband transitions to the intraband ones. Such an

The spin-polarization-dependent changeoifw) for the  unconventional variation of the optical spectra with spin po-
ferromagnetic metallic phase£0.175 and 0.Bmay be in- larization (or with temperaturethus arises from the strong
terpreted more straightforwardly in terms of the simplespin (t,4) electron €,) coupling (SJ3,>W) characteristic of
double-exchange mod&;*° since the JT coupling effect is the doped manganite system.
less important for the highet-metallic phase. As shown in Keeping the above in mind, let us see in more detail the
the lower panel of Fig. 7, the Hund’s-rule coupling energyT- andx-dependent changes i w) spectra for the metallic
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x=0.175 andx= 0.3 crystals. As clearly seen in Fig. 6, the

energy scale of the spectral weight transfer is decreasing

with hole doping. The peak energy of the upper exchange- 1500
split band in o(w) should approximately correspond to
S3; [in the definition of J4; by Eq. (1)]%° For
x=0.175, S3;~2 eV, which is consistent with the estimate
based on the optical spectrum of LaMgéf But the effec-

tive value of S}, is estimated as=0.9 eV for x=0.3 by
taking the peak position of the interband transitions in the
o(w) spectrum, and is considerably smaller than that for
x=0.175. This means that spin-charge coupling strength as
measured by J, /W decreases as the hole concentrakias
increased. The present spectroscopic results directly indicate
the crossover from the strong-coupling to the medium- or
weak-coupling regime with hole doping. The origin of the
variation of the effectivel,; value withx may be explained 1Y T —r ]
as follows: We have so far assumed that the spin-polarized Photon Energy (eV)
conduction bands are ofd3g, orbital character. However, ) o _
this picture is too simple for a quantitative argument of the /G- 8. Low-energy parts of the optical conductivity spectra in
electronic structure, and thehole character has to be taken F21-xS%MnOs (x=0.175) at various temperatures.

into account. In fact, the parent compound LaMn&hould

rather be sorted into the charge-transfer insulator than theurementd o(0)~10* Q *cm™! at 9 K] is much larger
Mott-Hubbard insulator in the Zaanen-Sawatzky-Allenthan the value oé(w) atw=0.01 eV, the smallest energy in
scheme, and the doped hole should be in the strodgly the present spectra. The major spectral weight of the coher-
hybridized state, as shown by photoemission spectros€opy.ent part is likely to lie in even a lower-energy region than the
The larger admixture of th@-hole character then tends to one displayed here.

reduce the effective exchange splitting, since the effective The Drude weight was estimated by the fitting procedure
antiferromagnetic exchange coupling between the Mn locaWwith use of the dielectric function of Drude form plus Lor-
spin (S=2) andp-hole spin is mediated by the second-orderentz oscillatorg,
process and should be much reduced as compared with the

bareJy value. As shown by a fairly largéby ~1 eV) red- 2 S
shift of the 4-eV charge-transfer band shown in Fig. 3, the Sr T=g,— z—p + Z #
doping up-shifts the O |2 state in general, and increases the o Fiolp T of-o’tiol]
O 2p hole character for the conduction band. Thus, the ef-

fectivg exchgnge splitting of the spin—polariz_ed conductipn As for the Drude form, we adopt the dc conductivity.
band is nominally screened and reduced with hole dopingig. 1) as thes(w— 0) value, and hence the fitting param-
x, even though the bar&, value is least changed by hole eter is the scattering rat€,, . We exemplify in Fig. 10 the

Laj_Sr;MnO3
x=0.175

1000

500

Optical Conductivity (2 ~'em™)

—1

2

doping. result of fitting for thex=0.175 crystal at 9 K. The calcu-
lated curve shown by a solid line reproduces the experimen-
B. Coherent versus incoherent part in low-energy part tal spectrum(open circles Among the decomposed compo-

of optical spectra nents used in the fitting procedure, the Drydeherent and

) o incoherent parts are displayed by dotted and dashed lines,
In Fig. 8 we show a magnification ofr(w) for

x=0.175 in the low-energy region. With a decrease in tem-
perature, the conductivity at 0.05-0.1 eV is increased nearly Laj_,St,MnO3 (x=0.3)
independently of photon energy. By contrast, the 9-K spec- ~O— 7 1 T o
trum below 0.05 eV steeply increases with a decrease in g g ®)
photon energy, indicating the presence of a Drude peak char-t ]
acteristic of the metallic state. The value of dc conductivity <
o(0) at 9 K is 2.6<10° O lcm ! (see Fig. 1, and com-
parable to that obtained by extrapolating th@») spectrum.
Such a Drude part is observed notably as well in the
o(w) spectra ok=0.3, as shown in Figs.(8 and 9b). As
the temperature is decreased, the conductivity is at first in-
creased below 0.1 eV from 380 to 130[&ee Fig. )], but
decreased when the temperature is further lowered below

ity
[l
[l
F

500

Optical Conductivit

380K
130 K[see Fig. ®)]. The observed spectral change reminds S Y |- | (Y |- R
us of the infrared feature of theaxis spectra of the cuprate Photon Energy (eV) Photon Energy (eV)
superconductors in whickr(w) is suppressed with decrease

of temperature giving rise to &-function peak belovl . FIG. 9. Low-energy parts of the optical conductivity spectra in
The value of the dc conductivity from the resistivity mea- La,_,SrMnO; (x=0.3) at 130—380 Ka) and at 9-130 Kb).
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_ FIG. 11. Temperature dependence of the inner-gap absorption
Nes (open circles and Drude weightD (closed circlef in
0 La;_,Sr,MnO; for x=0.175(a) andx=0.3 (b) (see text Broken

Photon E.nergy V) ) lines are merely a guide to the eyes. The solid line shows the tem-
perature dependence of square of the normalized ferromagnetic
magnetization 1/My)?, Mg being the saturated magnetization
(4.0ug for x=0.175 and 3.ag for x=0.3) at the lowest tempera-
ture.

FIG. 10. The parameter-fitted resuld solid line of the
optical conductivity spectrum at 9 K(open circles in
La;_,SrMnO; (x=0.175) using the Drude-Lorentz modédee
text). The calculated Drude and incoherent parts are shown by dot-

ted and dashed lines, respectively. rated, Nos keeps on changing, in particular for=0.175.

) o ] ) Such a contradiction to the prediction by the simple double-
respectively. (The remaining part is due to the optical- gychange model implies that some large-energy-scale carrier
phonon modes.We defined the Drude weigh? as area of  gcattering mechanism other than the spin fluctuation may

the Drude part. :
. . survive down to much lower temperatures than
We may deduce the spectral weight of the inner-gap ab- Anomalously small Drude weight as estimated by the

sorption, i.e., summation of the coherddrude and inco- :
S . ; . aforementioned procedure may also be relevant to such a
herent parts, which is defined by the following relation: . ) : .
carrier scattering. The Drude weighd is as small as
_ om (o ~0.012 even for the lowest temperature spectra for both
Neﬁ(wc)z—ZNJ CE(m)dm. (3 x=0.175 and 0.3. Forx=0.175, the Drude weight is
meNJo ~1/5N. In a simple Drude modeD«n/m*, n being the

HereN represents the number of formula uriite., the num- carrier number per Mn siFe, aqd* effective mass in upit of
ber of Mn atoms per unit volume. For the cutoff energy Mo (Pare mass Thenm* is estimated to be-80, provided
#iw,, we choose the energy at which the reduced opticaihat the effective carrier d‘?”.s"‘yfél as given by measure-
conductivity(w) shows a well-defined minimum, making a Ment of(ordinary Hall coefficient. " However, such an enor-
distinction between the interband and intraband excitation§'0usly heavy mass as derived by this simplified interpreta-
(see Fig. 6. In Figs. 11a) and 11b), we show the tempera- tion appears to be incompatible with the results of electronic
ture dependence of the two parame®réclosed circleand ~ Specific heat measurements by Kumagai and Tokufne

',\]eﬁ (open circle in x=0.175 (&) and x=0.3 (b), respec- conventional Iow-tem_peratur@-linear specific heat i_s _ob-
tively. [Note that ’Neﬁ for x=0.3 excludes the se_rved for the metallic phaseqa 0.1_7) and the coefficient
T-independent contribution because of the aforementioned iS 5—6 mJ/mol K€, being nearly independent of. The
subtraction procedure. For=0.3, the paramagnetic phase vValue is typical of the least-renormalized band mass
above T, is metallic, and the total spectral weight of the (2Mo—3mo). The behavior is also contrasted by the critically
incoherent part should be considered as sum of th&-dependent mass renormalization as observed in the case of
T-dependentNy; and the background patperhaps<0.03  doped Mott insulators, such as £aSrTiOz.% It is worth
judging from the original spectrum in Fig).$For reference, noting here that the apparently very small Drude weight
we also show the temperature dependence of square of tigg@ainst the dominant incoherent-part is quite consistent with
normalized ferromagnetic magnetizatiod (M) in the fig- ~ the valence-electron photoemission spectra of the relevant
ure.(The measurements & were performed under a mag- manganites in which the unconventionally small spectral
netic field of 0.5 T) M is the saturated magnetization at the weight is barely observed at the Fermi le%?! Neverthe-
lowest temperature~4.0ug in Xx=0.175 and~3.5up in less, these spectroscopic observations cannot be simply re-
x=0.3). The calculation by the dynamical mean-fieldlated to the other low-energy transport and thermodynamical
approximatioR® indicates that the weight of intraband exci- properties, e.g., in terms of the simple Brinkman-Rice
tations within the lower exchange-split band is proportionalpicture®? The peculiar behaviors observed in the low-energy
to (M/Mg)?. As is clearly seen, the temperature variation ofoptical spectra which cannot be explained by the simple
Neg iS quite different from that of M/Mg)?: Even in the double-exchange model or by the conventional Fermi-liquid
lower-temperature region whereM(M,)? is almost satu- picture are summarized as follows:
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(1) The low-energy spectra are composed mostly of theone relating to the exchange-split conduction bands. The en-
incoherent part and lightlyabout 20—30 % in fractionof  ergy scale of the spectral weight transfer corresponds to the
the Drude response. effective splitting of the spin-polarized conduction band due

(2) The low-energy spectral weight composed of both theto the large Hund’'s-rule coupling energy exceeding the
incoherent and coherent parts shows the persistent tempef@andwidth; approximately 2 eV for=0.175 and 0.9 eV for
ture dependence even in the low-temperature region where=0.3. The observed-dependent change of the band split-
the conduction electron®r holeg are almost fully spin po- ting energy is perhaps ascribed to the increagitmle char-

larized. acter withx.
(3) The small Drude weight arises from neither the heavy The intraband transitions in the metallic phase, which
effective mass nor the small carrier density. dominate the spectrum up tel eV, is far from the conven-

At present, we have no definite scenario for explanationtional Drude spectrum but should mostly be considered as an
of all the above observations, yet may speculate about posacoherent part. In fact, the real Drude part is discernible
sible origins for the strong carrier scattering. One is to in-below 0.04 eV, but with an anomalously small spectral
voke the dynamical Jahn-Teller effect. The persistent Jahnweight (roughly one-fifth of the total intraband spectral
Teller distortion may result in the formation of small weight. The spectral weight of the incoherent plus coherent
polarons which are barely mobile even at low temperatureparts grows with the spin polarization, as expected from the
The minimal Drude weight, the dominant incoherent part,exchange-split band feature. However, the spectral weight
and their persistent temperature dependence might be ekeeps on changing in a sufficiently low-temperature region
plained by this hypothesis, but the seemingly unrenormalizedsay below 50 K in which the spin-polarizatiorfor ferro-

v might hardly be reconciled. Another possible mechanismmagnetic magnetizationnearly saturates. These features
may be related to the orbital degree of freedom in ¢ge may indicate the presence of the strong carrier scattering
conduction state. The orbital may show the strong correlatioprocess other than the spin fluctuation being persistent down
and fluctuation even in the almost fully spin-polarized stateto low temperature. Such a strong carrier scattering mecha-
As an origin for the anomalous metallic state of nism may also be responsible for the squeezed Drude weight.
La;_,Sr,MnO; as observed here, Ishihara, Yamanaka, and’his is inherently not included in the simple double-
Nagaosz® recently proposed the concept of an orbital liquid exchange model, and is perhaps relevant to the orbital degree
in which the “ferromagnetic” correlation of thel,2 2 or-  of freedom of theey spin-polarized electron®r holes or to
bitals and the resultant two-dimensional electronic charactethe resultant dynamical Jahn-Teller coupling. The anoma-
are enhanced, but can be disordered down to low temperously small Drude weight is simply related neither to heavy
ture. The internal consistency and discrepancy among thearrier mass nor to small carrier density, since the opposite
results of various measurements should be further investsituation has been observed in measurements of electronic
gated to unravel the nature of this intriguing metallic state. specific heat and Hall coefficient. The dynamics of the fully
spin-polarized electron®r holeg with retaining orbital de-

V. CONCLUSION grees of freedom in the doped perovskite manganites thus

gives rise to unconventional metallic phase, the origin of

To unravel the electronic structure in La,SrMNnO; and  \yhich deserves for a further study.

its variation with band filling(or hole concentratiox) and
temperaturdor the averaged spin polarization of the conduc-
tion holeg, we systematically investigated the optical con-
ductivity spectra for single crystals with=0.1 (insulating
even belowT,), 0.175(barely metallic belowT . but semi- We acknowledge valuable discussions with N. Furukawa,
conducting aboveT.), and 0.3(metallig. For thex=0.1 M. Tachiki, N. Nagaosa, S. Ishihara, and A. J. Millis. We
crystal, the spectral intensity is accumulated in the midinfrawould also like to thank A. Urushibara and A. Asamitsu for
red region with decrease of temperature belgwbut never  the sample preparation and characterization, and K. Kumagai
comes close to zero energy, reflecting the insulating grountbr sharing the specific-heat data prior to publication. The
state. A typical energy0.5 eV) of the midinfrared band is measurements of reflectivity spectra in vacuum ultraviolet
considered as representing the binding energy of the paegion were performed at the INS-SOR, Institute for Solid
larons which may arise from the Jahn-Teller or relevantState Physics, the University of Tokyo. This work was sup-
electron-orbital coupling. In the metallic crystals=0.175  ported in part by a Grant-in-Aid for Scientific Research from
and 0.3, on the other hand, the conductivity spectra show the Ministry of Education, Science, Sport and Culture, Japan,
critically temperature-dependent transfer of the spectraind by New Energy and Industrial Technology Development
weight from the interband excitation part to the intrabandOrganization(NEDO).
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