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Electronic structure of the double-exchange ferromagnet Lgg,s5rg 174MN0O 5 studied
by optical reflectivity
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Temperature-dependent optical reflectivity spectra were measured on cleaved surfaggss8fLlaiMnO5
single crystals up to 6.6 eV. The present result demonstrates that the exchange-gap excitation in the optical
conductivity spectrum splits into two parts~-@.2 and~5 eV). This indicates that the,, orbitals also
participate in the reconstruction of the optical excitation caused by spin polarization. Based on the present
result, we propose and discuss a model for the electronic structure of this prototypical double-exchange
material. We also discuss the charge dynamics of the conducting carriers in terms of beitgretal

Optical spectroscopy is an effective tool for investigating In order to make more detailed and quantitative discus-
the electrical properties of conducting carriers as well as thsions, we deduce optical conductivigy(w) (Fig. 2) from
electronic structure in the vicinity of the Fermi levety). R(w) via a Kramers-Kronig transformatiof. For the ex-
For doped manganites, which show the intriguing phenomtrapolation at the low-energy part, we assumed a con&ant
enon of colossal magnetoresistanctie optical spectrum for the insulating phaseT(=295 K) and a Hagen-Rubens
has frequently been used as an experimental basis to hefprmula for the metallic phaseTt278 K). Since variation
explain the theories behind4t'® However, the optical spec- Of the extrapolation procedures had a negligible effect on

tra, and especially the reflectivitR(w) spectra, are rather ©(w) above~30 meV, the following arguments are inde-
confused and controversial in the figki” Recently, we pendent of the extrapolation. Above 6.6 eV we assumed that

have ascertained that this is becauseRbe) spectra of the the reflectivity is indgpendent of temperature and the 295-K
manganites are quite sensitive to the surface condifidh. spectrum(inset of Fig. 3 was used for the spectra at all

We discuss the electronic structure of a doped manganit méozrattjlres, becaulgg;:ﬁe/anaﬂon %f Ifr(]w) in the tr.ange
L8 g26510.174MN0; (LSMO, Tc=283 K) based on reliable o, eIn f;\\/\cll":lj?tk?rie %é%in};egg?edzr;)ectr; v(\:/ce)ingnhetcdleof?n;al\;,y
R(w) spectra measured aheavedsurfaces, which cover the ' '
energy range 0.026.6 eV at 16-295 K and 0.005 40 eV

2m0V o
at 2_95_ K. _The present result _shc_st that the exchange-gap N*(w)= A f (0 )do' )
excitation ino(w) of LSMO splits into two parts{ 3.2 eV me" Jo
and~5 eV). This indicates that not only the, but also the
t,y orbitals participate in the reconstruction of the optical
excitation, or the transfer of spectral weightdfiw), caused
by spin polarization in a double-exchan@@E) system. We
propose a band diagram for LSMO and also discuss the
charge dynamics of the conducting carriers in terms of being
a bad metal

Single crystals of LSMO were grown by a floating-zone
method® All of the reflectivity spectra were measured on
cleaved surfaces, typically>Xd1 mn?, using a Fourier-type
interferometer (0.0051.6 eV), a grating spectrometer (0.8
—6.6 eV), and a Seya-Namioka type spectrometer {440
eV) at Institute for Molecular Science, Okazaki National Re-
search Institutes. The details of the experiments were de-
scribed in our previous papets!’

Figure 1 shows the temperatuf® dependent reflectivity
spectra of LSMO on a logarithmiR scale. The dashed line Lag g25S70,17sMnO; ]
representfR(w) obtained at 295 K. A decreasesR(w) 0.08 —1——t L . L 1. I

. . . . - 0 1 2 3 4 5 6 7
changes from insulating to metallic behavior; the reflectivity Photon Energy [¢V]
edge at about 1.6 eV becomes sharpened and the optical
phonons are screened. In addition, one should note that the i 1 Temperature-dependent optical reflectivity spectra mea-
present spectra exhibltdependence up to 6 eV, whichis  syred on the cleaved surfaces of,kaSr, 1,MnO;. Dashed line
much larger than that of the other strongly correlated materepresents the data taken at 295 K. Inset: Reflectivity spectrum
rials, which are at most-3 eV !® measured at 295 K up to 40 eV.

(mg is the bare-electron mas¥ is the unit-cell volumg
almost convergesANzq/ Nxs=1.5%) at 6.6 eMinset of Fig.
2). These facts seem to support our analytical procedure.
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FIG. 2. Temperature-dependent optical conductivity spectra of
Lag gosSlh 174MN0O5 deduced from the reflectivity spectra via a
Kramers-Kronig transformation. Inset: Effective carrier number | u
N w) defined as the integration of(w). . . | .
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With decreasingr, the spectral weight above the reflec-
tivity edge, ~1.6 eV, decreases, but the spectral weight be-
low it increases instead. There are two regionsoifw),
around 3 and 5 eV, where the spectral weight decreases with
decreasingl. The spectral weight transfers from the higher-
energy regions to a Drude-likes=0 centereglstructure as
T decreases.

The two energy regions with largedependence are more
clearly shown by the differential conductivity defined b :
AU(JT)EU(G)JY)_U(&)JO K) [Fig. 3@]. ¥I’he low- y change gaps are assigned as follows: the 3.2-eV beyid,
energy (less than 2 eV T dependence il o is probably ~ —tagl: the 5-eV bandggl —ey| andty] —ta]. Crystal-
induced by both the spectral weight and spectral width of thdi€ld splitting 1@q and exchange splittingJy (here, s
intraband(or free-carriey term. Fortunately, this falls off at =2) are estimated to be 1.8 eV and~5 eV, respectively.
higher frequencies. Therefore, we conclude that therénaze  The estimate of 1Dq is roughly coincident with the result of
higher-lying bands at-3.2 eV and at-5 eV. the soft-x-ray absorption study.PreviouslysJ, was esti-

The DE model predicts that the Spectra| We|ght of themated to be~3 eV, but this is because the 3.2-eV band was

exchange-gap excitation is scaled te (M/Mg2 [M(T) is  assigned aggl —eg| therer™*?
the magnetizationMg is the saturated magnetizatijoand
the missing spectral weight at the higher-lying exchange-gar.

FIG. 3. (a) Differential conductivity Ac(w,T)=0(w,T)
o(,10 K). (b) Spectral weight of the higher-lying two bands in
Ao, S,_, andS,_, plotted against & (M/Mg)?.

The split of the exchange gap enables us to determine the
electronic structure less ambiguoushig. 4). The two ex-

10D, ~1,
excitation is transferred to the lower-lying intraba(izrude — 1P
excitation asT decrease$The integrated spectral weight of 08 shi~3
the 3.2-eV and the 5-eV bandsAv(w,T), S,_, andS,_-, g7 2p egl gl egl La/Sr 5d
are estimated by Eq1). Here, the suffixes 24 and 4-7
mean that the integrating energy ranges are42eV and 4 _m m [\
—7 eV, respectively. In Fig. ®), S,_, andS,_5 are found ! ! | ! !
to be proportional to *(M/Mg)2.%° Namely, both the —2 0 2 4 6 8 10 V)

— 3.2-¢V band (exchange gap)
— > G3(CD)
5-eV band (exchange gap)
5-eV band (exchange gap)

3.2-eV and the 5-eV bands are the exchange-gap excitations
Although the higher(5-eV) band has not been clearly ob-
served so far, our result is reasonable in terms offtbiem

rule because the lowdB.2-eV) band compensatemly half 66 (D)
of the spectral weight associated with the intraband excita- ==-> G1 (CT)

tion (inset of Fig. 2. In addition, the optical absorption study Tz edTd G4 (CT)

also suggests that the spectrum varies Withbove 4 e\VA3  -ooeeeeemso > highest exchange gap

The split of the exchange-gap excitation indicates that the T %8%

orbitals also participate in the reconstruction of the optical
excitation caused by spin polarization. The previous treat-
ment of thet,, electrons as the localized spBr- 3/2 may be
oversimplified.

FIG. 4. Schematic band diagram for d@s5r 17gMN0O;. Solid
area represents occupied states. Solid and dashed arrows represent
“obvious” and “hidden” peaks ino(w), respectively.
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FIG. 5. Result of Gaussian fit. Solid and open circles represenfor
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TABLE |. Gaussian fitting parameters for the interband excita-
tion oiped @) Of Lag g2s51p 174VINO;.

Oscillator S (eV/Q cm) vi (eV) w; (eV)
G, 396 0.44 1.05
G, 676 0.69 1.79
G 1744 0.48 4.10
G, 4532 1.27 5.50
Gs 884 1.05 9.65
Gg 24457 2.29 10.39
G, 4512 2.14 11.42

~11.5 e\j. The energies are peak positions predicted from
this diagram. The last three terms form the 10.5-eV peak,
which originates mainly from the2— La/Sr 5d CT exci-
tation (Gg). The present diagram predicts two additional mi-
(hidden peaks with initial state®,] andt,q1 at fre-

10-K and 295-K data, respectively. The sum of Gaussians(mency about 1 eV lower Gs) and higher G;)

oine ), IS represented by a solid line and ea8{{w) term by
dashed lines. Inset: The intraband conductivity,.(w,T)
=0(w,T)— ogmel{w). Optical phonons are subtracted.

The peak at~4 eV is independent of, and hence is
considered to be a®2-3d charge-transfefCT) excitation.
The pronounced peak at10.5 eV (Fig. 5 is also assigned
as the CT excitation 2— La/Sr 5d by other spectroscopic
studies???® Therefore, the 4-eV peak is assigned as 2

respectively.

The most difficult task in this analysis is to estimate
oinra( @) . We attempted to fit this term with a simple Drude
formula oo y?/(w?+ y?) or a simple Drude term plus an ad-
ditional Gaussiarfor Lorentzian, but the fitting is not good
in each case. During our attempts, we found one formula,
ooy l(w*+v*) (a~0.68, y~0.029 eV}, which can repro-
duce the low-energy part af(w) accurately. This suggests
that the Drude-like term is suitable for one-component analy-

—1,ql, Which is the same as that ascribed by Arima andsis with a slowly decaying functior{Later, we discuss the

Tokura®* Other possible assignments, such gs—2e,7,

possibility of bad metallic natureas an origin of this slowly

cannot explain the whole of the spectrum because the La/Stecaying Drude-like term.However, aw™“ function («

5d band then becomes too close BE@. The present spec-
trum indicates that the energy difference betwegn ahd
gy1 is about 0.8 eV, and hence th@ dand is closer tdg
than thet,4T band. This is consistent with the other optical
study?®

The above diagram predicts several excitations that ar

not recognized as peaks in the actaéd) spectrum(dashed
arrows in Fig. 4. These “hidden” peaks are clues to check-
ing the validity of the proposed diagram. For this purpose
we make the following analyses am(w) at 10 K (solid
circles in Fig. 5 over a range 6-12 eV.[At 6.6—12 eV we
useo(w) at 295 K (open circles in Fig. p] At 10 K, the
contributions too(w) from the exchange-gap excitations are
considered to be negligibly small becaubg(T) almost
reachesM ¢ [M was~4.0ug/Mn and nearlyT independent
at 10 K(Ref. 253]. Therefore o(w) is formed by the sum of
an intrabandDrude-likg term, oi,o(®), and an interband
term, oy @), consisting of the CT andl-d excitations
withoutexchange gaps. We assume that.(w) is the sum

of seven Gaussians/_,Gj(w),

S F{ (w_wi)2
exg ————
Vi \/277 27|2

Here,S, y;, andw; correspond to spectral weight, damping
rate, and peak energy of tht#h Gaussian, respectively. The
seven Gaussians are assigned ps-24] (G1,~0.8 eV),
tZQT_)egT (621~18 e\Ol 2p_}t29l (G3!~4 e\/)v 2p
—€gl (G4,~5.8 eV), 47— La/Sr & (Gs5,~9.7 eV), 2p
— La/Sr & (Gg,~10.5 eV}, and t,qT— La/Sr & (G,

Gi(w)= )

<1) decays so slowly that it has large spectral weight in the
higher-energy region.

Next, we made the assumption thaf,. (@) has no
weight above the reflectivity edge-(1.6 eV) and attempted
to fit the higher-energy part af(w) at 10 K with the seven
gaussians. As shown in Fig. b(w) above 1.6 eV can be
well represented by these seven Gaussians. Each term is rep-
resented by a dashed line. The fitting parameters are listed in
Table 126 The following arguments/facts substantiate that the
present diagram is, at least, not incompatible with the experi-
ment: (i) The peak positions are, roughly speaking, coinci-
dent with the predictiongii) The hidden peak&,, G,, and
G, are indispensable for reproduciogw). (iii) The lowest
peakG; depends on the estimation of the Drude-like term to
some extent, but the higher-lying five peaks=B—7) are
not affected by variations in the estimate of the Drude-like
term, and the position of the second peak is almost un-
changed, thougls, and y, are slightly affected. This is rea-
sonable because;,,;, andG; have no spectral weight in the
higher-energy regiorliv) The present diagram also predicts
that the additional exchange gap assignethgs—e,| ex-
ists around 7 eV. However, even if this highest exchange gap
exists, it has only small spectral weight compared with the
total N3, as already mentioned.

In the present diagram, the charge carriers are X)L
electrongMn. This is consistent with the facts that the physi-
cal quantities reflecting the carrier density, such as the spec-
tral weight of the Drude-like tertd and the critical resistiv-
ity value for the Al-induced itinerancy-localization
transition?® do not show remarkabbedependence. The Hall
effect study’ indicates that the carriers are about one
holeMn and are nearly independentxfwhich is consistent



PRB 62 BRIEF REPORTS 13 867

with the present diagram except for the sign of the carriero(w) mentioned above occurs when the mean free path of
The difference of the sign is probably related to the electhe conducting carrier reaches the Fermi wavelength. A simi-
tronic properties of this correlated-electron system, in whicHar crossover is also observed for the typical bad metal
the simple free-carrier picture is not applicable. OtherwiseSTRUG.* In this scenario, the slowly decaying Drude-like
as is often argued, it is due to the carrier compensation eferm in the “low-T coherent” region is a possible indication

fect, which is Suggested by the band calculaf®n. (or reminiscent of diffusive conduction, which ylelds the
The present analysis enables us to extract a net contribtproad peak otr(w) in the “high-T incoherent” region.
tion to o(w) from the conducting carriersx; .+ ®)=o(w) In summary, the split of the exchange-gap excitation in

— oiel @) (inset of Fig. 5. It can also refine the estimation ¢ (@) indicates that thé,, orbitals participate in the recon-

of Drude weight, which is estimated to be 0.23/Mn at 10 K,_structlon of the optical excitation caused by spin polarization
by integratingoi,4- This is consistent with the recent pre- in LSMO. Basgd on the present rgsult, WE propose a .band
cise optical absorption experimeiitThe intraband charge diagram for th|§ comppund, Wh'ch is helpful for improving
dynamics is, on the other hand, characterized by theur understandmg of its electronl_c structure as well as the
“coherent-incoherent” crossovéf:!” In the higherT region Charge dynamics of the conducting carriers in the doped
below T, a Drude-like term is absent and, instead, a broa&e_rromagngtlc—metalhc phase. The dynamics of the carriers is
peak at finite frequency is dominantdt{ »), although the dc discussed in terms of being a bad metal.

resistivity p(T) is metallic in character dp/dT>0). A We are grateful to Y. Moritomo and N. Furukawa for
Drude-like term is present only at sufficiently lotw(or low  fruitful discussions. This work was financially supported by
p). These features may be interpreted as the optical responaeGrant-in-Aid for Scientific Research from the Ministry of
of abad metaf®3! The recent resistivity study suggests that Education, Science, and Culture of Japan and by CREST of
LSMO can be classified as a bad métalhe crossover in  JST.
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