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Charge dynamics of a double-exchange ferromagnet La,Sr,MnO;
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We have investigated the charge dynamics of the doped carriers in a prototypical double-exchange ferro-
magnet La ,Sr,MnO; by reflectivity measurements on cleaved surfaces of the single crystals. Even for
wide-band Lg Sty sMNnOs, which shows a metallic dc resistivity over the entire temperature range up to 1000
K, the optical conductivityo(w) deviates from a simple Drude response; it shows a slowly decaying
(xw™ 1) quasi-Drude behavior below a certain temperatlife while aboveT* it is characterized by a
finite-energy peak instead of the Drude peak. Al substitution afietts) over a wide energy range up to 1 eV
or higher, which is contrary to the prediction from the simple Drude picture. These characteristics can be well
described by the one-component description.
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. INTRODUCTION wide-band Lg Sty MnO;, which shows a metallic dc resis-
tivity p(T) over the entire temperatufierange up to 1000 K.

It is commonly observed for a variety of transition-metal Even for this highly doped compound that has been consid-
compounds that the optical conductivitf ) in the metallic  ered to obey the simple double-exchange mechaffism,
phase does not obey a simple Drude descriptiof)  o(w) deviates from its predictionr(w) is characterized by
= wf)y/4w(w2+ ¥?) (wp: plasma frequencyyy: scattering  a finite-energy peak, instead of a Drude peakat0, above
rate,> but shows a slowly decaying “quasi-Drude” a certain temperatufE*, which is lower than the Curie tem-
behavio?™* This has been considered as a clue for underperatureT. Below T*, o(w) shows the slowly decaying
standing the electronic states and the dynamics of the charggiasi-Drude behavior similar to other correlated metals, and
carriers doped onto a Mott insulator, which are central conthis feature can be well described by the monotaeniinear
cerns in the recent condensed-matter physics, and in the lagt over a wide energy range up to several 1000™ énSec-
decade a lot of experimental as well as theoretical effort hagnd, we show the impurity effect oa(w). The Al doping
been put into elucidating the origin of the quasi-Drude re-affects o(w) over the entire energy range up to 1 eV or
sponse. On this issue, typically for the normal state of highhigher, which is at odds with the prediction of the simple
temperature superconducting cuprates, there has a lon@rude picture. In the slightly Al-doped region, whes€T)
standing dispute on whether this quasi-Drude response ig@mains metallic, the characteristiclinearity of y* at low
interpreted as a single collective mode described by an exemperatures is not altered. The above results suggest that the
tended Drude formula with a frequency-dependent scatteringivo-component picture is artificial as the interpretation of the
ratey* and optical masm* (one-component pictuy@r asa  quasi-Drude behavior, because the two-component picture
superimposition of a simple Drude peak and a broad infraredssumes that the charge dynamics obeys the simple Drude
(IR) band(two-component pictuje response. Instead, the quasi-Drude behavior can be naturally

Also for manganese perovskites, which have attracted reinterpreted from the one-component picture. We discuss the
newed interest because of their intriguing phenomena of corelation between the crossoverdrfw) and the “bad metal-
lossal magnetoresistance (CMR),> o(w) in the |ic” resistivity,®* 38 or the absence of the resistivity satura-
ferromagnetic-metallic state is characterized by a similation even at the Mott criterionry,q, in which the mean free
quasi-Drude peak:’ The optical spectra of the manganites path | is comparable with the Fermi wavelengthy
have been frequently used as the experimental basis of thezq-;/kp_39 The present experiment suggests that the cross-
theories®~*'that are proposed in order to explain the variousover in o(w) is relevant to the Mott criterion in dc conduc-

peculiar phenomena of these compounds including CMRjvity. The finite-energy peak is a possible indication of the
but the earlier reflectivity measurements were analyzeddynamical” localization.

mostly using the two-component picture. Because those re-

sults were obt_ained on the su_rfaces damaged_ by poIis_hing, Il. EXPERIMENTS

they may provide a distorted view of the intrinsic properties.

In the present paper, the(w) spectra of the ferromagnetic- All of the samples used here were the single crystals

metallic manganites obtained otleaved surfaces of the grown by a floating-zone methd8 The obtained crystals are

single crystals are examined using the one-component pi@ylindrical in shape, typically 6 mm in diameter and 8 cm in

ture. The one-component description has played an importafeéngth. Inductively couple plasma spectroscopy of the ob-

role in understanding the physical properties of high-tained crystals confirmed the chemical composition to be

temperature superconductors. In particular, it provides a betdentical to the starting compositional ratio. The measure-

ter description of the pseudogap behavior in the underdopehents ofp(T) were performed using a conventional four-

cuprates?~3 probe method. The crystal was cut into a rectangular shape
First, we show the result of the reflectivity study on the (typically 4X1x0.5 mnt). For La, St MnO;, after the
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FIG. 1. Temperature-dependent optical reflectivity speR(i@) 5 o.151
measured on cleaved surfaces ofy b3 MnO; (Tc=366 K). g VT B
Dashed line represents the data taken at 420 K. Inset shows the dc I .
resistivity p(T) up to 1000 K. " (b) polished
0.10)/4——-Lt— L 1 .
. 3 4 5 6 7
electrodes were formed with heat-treatment-type gold paste, Photon Energy [eV]

p(T) was measured in the range 4.2—1000 K. The high-

temperature measurements above 300 K were conducted un- FIG. 2. Temperature dependence of reflectivity at73eV mea-
der flowing oxygen gas to avoid increasing oxygen deficiensured on cleaveda) and polishedb) surfaces of LggSty ;MnOs;
cies. Our previous study ensured that physical properties alid line, 10 K, dotted line, 250 K; dashed line, 295 K.

not affected forx=0.3 by the above procedure @f(T)
measuremerftt Actually, there was no difference between

the p(T) values at 300 K measured before and after heatin d th iical oh 4. which istent
up to 1000 K. For (LggsSt.17d(Mn,_,Al)Os, the elec- nd the optical phonons are screened, which are consisten

trodes were formed by ultrasonic soldering of indium and"ith the metallic resistivity dp/dT>0) (inset of Fig. 1. For

p(T) was measured below 400 K. For each composition, wdhis highly dopedor wide-band manganitep(T) is metallic -
measuregh(T) of several samples in order to verify that the OVer the entire temperature range covered he_:r_e. In addition,
scattering of the data was within the dimensional error ON€ should note that the present spectra exhibit temperature
(+4%). TheCurie temperaturd ¢ determined byp(T) is ~ dependence up te'6 eV, which is much larger than that of
366 K (x=0.4), 283 K &=0.175,z=0), and 273 K & the other strongly correlated materials, which is at most
. y . 1 1 4
=0.175,2=0.01). The details of the resistivity measurement™~3 €V . .
are described elsewheie?!42 Because th&R(w) spectra of the ferromagnetic-metallic
Near-normal incident reflectivitR(w) spectra were mea- Mmanganese perovskites are quite sensitive to the surface de-
sured on the cleaved surfaces with a flat area of typically {erioration, cleaved surfaces are indispensable for obtaining
X1 mn? using a Fourier-type interferometer Bomem DAS reliable spectr&® We have reported that for the room-
(0.005-1.6 eV, a grating spectrometer Jobin Yvon temperature data, the reflectivity around the edge is highly
TRIAX180 (0.8,—6.6 eV, and a Seya-Namioka type spec- suppressed by deterioration of the sample surfaces and the
trometer for vacuum-ultraviolet synchrotron  radiation SPectrum taken at the cleaved surface shows the much
(4.0—40 eV at the Institute for Molecular Science, Okazaki Sharper edge and the much higher reflectivity in this energy
National Research Institutes. As a reference mirror, we useffdion. which produces the pronqunce4d4 quasi-Drude peak
an evaporated Aufar- to near-IR regionsand Ag (visible ~ With @ much larger spectral weight in(w).™ Here we show
region film on a glass plate. The experimental error of thethe effect of the surface deterioration on the temperature de-
reflectivity AR, determined from the reproducibility, is less Pendence oR(w) at higher-energy regions. The spectrum

than 1% for the far-IR to visible regions and less than 2% formeasured on the cleaved surfa¢ety. 2a)] exhibits tem-
the ultraviolet to vacuum-ultraviolet regions. perature dependence up to 6 eV much more clearly than the

spectrum measured on polished surfdéeg. 2(b)]. The de-

terioration of the sample surfaces may have concealed the
Ill. RESULTS temperature dependence above 4 eV in the previous studies.
Actually, the optical absorption stufywhich is less sensi-
tive to the surface, suggests that the temperature dependence

The temperature-dependgii0—420 K reflectivity spec-  of o(w) extends up to the upper limit of their measurements

tra measured on cleaved surfaces of §31, /MnO3 single (5 eV). In addition, their experiment indicates that the inte-
crystal are shown in Fig. 1 on a logarithmit scale. The grated spectral weight ofr(w) does not converge even
dashed line represents the data at 420 K. As temperatua 5 eV.

éjlecreases, the reflectivity edge~al.6 eV becomes sharper

A. Overall features
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(2—4)- and (4-7)-eV regions decreases with decreasing
30007 7 | | ——— temperature. The missing spectral weight is transferred to the
2 10K lowest-energy region and forms a collective excitation of the
o IR N AELLY A IS | charge carriers. Because the spectral weight in the (2
_E E - L 7 ] —4)-eV region compensates famly half of the spectral
S 2000 i 0K weight associated with the lowest-energy intraband excita-

tion, our result showing the temperature dependence up to 6
eV is reasonable also in terms of theum rule. This transfer

of spectral weight is predicted from the dynamical mean-
field theory of the double-exchange modn this scenario,

i the spectral weight at the two higher-lying regions is as-
cribed to what is called “exchange-gap” excitations; the (2
—4)-eV region, egT—>t2g¢; the (4-7)-eV region, e4T

— el andtyyT —ty4].* In this paper, we focus the argu-

4 6
Energy [eV]

1000}

Optical Conductivity | Q

Lag 6510 4MnO; ment on the lowest-energy collective mode or the dynamics
T T S S R — of the charge carriers. The higher-energy %%Eg@f)) have
Photon Energy [¢V] been already discussed in the previous w .

One of the most significant features is tldiw) exhibits
FIG. 3. Temperature-dependent optical conductivity spectraa finite-energy peak, instead of a Drude peak, above a certain
o(w) of Lag ¢Sty.,MNnO; deduced fronR(w) (shown in Fig. Jvia  temperatureT*, which is about room temperature, though
a Kramers-Kronig transformation. Dashed line represents the speg(T) remains metallic even abovE*. In the simple Drude
trum at 420 K. The data at 100 K and 250 K are not shown forformalism, no matter how strong the scattering becomes,
clarity. Inset shows the effective carrier numibéli(w) defined as o(w) only approaches asymptotically-independent(flat)
the integration ofr(w). conductivity and peaks still ab=0. The presentoherent-
to-incoherent crossoversuggests the breakdown of the
In order to facilitate a more detailed and quantitative diS-simpIe Drude picture as well as some critical change in the
cussion, we deduce optical conductivitfw) (Fig. 3) from  charge transport arourit . It is noteworthy thaf* is lower
R(w) shown in Fig. 1 via a Kramers-KroniKK) transfor-  thanT.. The characteristic change ir{w) occurs not aff
mation. We measured tH&(w) spectra at each temperature put atT*, thoughp(T) exhibits the anomaly af.
below 6.6 eV, and above 6.6 eV we assumed the data mea- Another characteristic feature is the Drude peak below
sured at room temperatu(@95 K). Such a procedure is pos- T*. This peak decays more slowly( ') than the simple
sible and reasonable because the temperature variation ptude responsex(w2) and consequently the width is much
R(w) in the range 6.0-6.6 eV was negligibly small and thejarger (~1 eV) than that of ordinary metalst most, sev-
connection was smooth. In addition, the integrated spectradral times ofkgT).*® The width decreases somewhat with
weight defined as decreasing temperature, but the simple Drude response is not
recovered even at the lowest temperature. This quasi-Drude
peak is commonly observed for almost all correlated metals.
This is the origin of the long-standing dispute, whether the
one-component or the two-component picture is more rea-
(mg: bare-electron mass/: unit-cell volumé almost con-  sonable. For the manganites, the two-component picture has
verges ANX/N%=2%) at 6.6 eV(inset of Fig. 3. This been regarded so far as if it were the experimental result.
also seems to support our analytical procedure. quever, those arguments were based on the wrong reflec-
For the extrapolation at the low-energy part, we assumedVity spectra obtained on the damaged surface. Such dam-
a Hagen-Rubens reflectivity. The extrapolating parameteRd€s cannot be completely removed even by annealing after
o(0) is coincident with the measured dc valug.=p ! pphshmg. > Also for t_he manganites, the two-component
within the dimensional error of the resistivity measurementpicture isnot the experimental result but one of the possible
Although variation of the extrapolation procedures has dnterpretations The pronounced quasi-Drude peak observed
small effect on the absolute value of(w) in the energy N the present reflecfuwty study using clegvelg surfacgs is con-
region 10—-20 meV, the qualitative behavi@r » depen- S|st__ent with the optical absorpt!on studiei® In ad_d|t|0n,
dence of o(w) summarized below is not affected. Above 20 Quijadaet ql.also ;uggested a similar coherent-to-lncohgrent
meV the spectrum is not affected by variation of the extrapoCrossover inor(w) in Ref. 8. Here, we show that the optical
lation procedures. spectra of the manganites can be more reasonably interpreted
The temperature-dependent part of théw) spectrum ffom the one-component picture.
can be separated into three regions, the-20-eV, (2
—4)-eV, and (4-7)-eV regions. ThisT-dependent part is
piled on theT-independent background consisting of inter- B. One-component approach
band transitions such as the charge-transfer excitations from The present analysis follows the extended Drude formal-
O 2p to Mn 3d or La/Sr 5.1° The spectral weight at the ism by Webb, Sievers, and Mihalisf,

% 2m0V Y , ,
Naw(w) = py JO o(w')dw (D)
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5_ L S W contributions almost purely from the charge carriesg.is
4 2 w T=335K ] determined by the area containeddiiw) up to the reflec-
e —— ] tivity edge 1.6 eV. This value increases with decreasing tem-
= b j;gk/_’ 310 perature(inset of Fig. 3, especially in the vicinity ofT¢,
L 20 4 I 323 i corresponding to the spectral-weight transfer from the
> 1—// exchange-gap excitations to the intraband excitafian, is
ﬁ ol , — 25000 cm? (10 K) and 22500 cm! (310 K).] The de-
@ 0 T—250K ' ] crease inw, suppressem*/m, in the relationm* /my« wg.
= 200 1 Such a drastic change i, with T is a unique character of
§ 04r 100 ] the manganites. Because thg value is defined as the spec-
@03 10 tral weight up to 1.6 eV in the present case and hence con-
0.2f ] tains the contribution from the interband excitations, the ab-
0.(1) L Lao Sty MnO; ] solute values ofn*/m, are somewhat arbitraryNote that

y* is independent o, .) e.. is chosen to be 3. Variation of
€., does not affecty* or m*/my, below 0.4 eV.
The extended Drude analysis more clearly exposes the
FIG. 4. Frequency-dependefrenormalizegl scattering ratey* variation of the charge dynamics with temperature. In the
of Lay ¢Sty MnO; calculated via an extended Drude analysis; toplow-T coherent region, y* exhibits the characteristic
panel, T=250-335 K, bottom panell=10-250 K. Inset shows -linear behavior over a wide energy range up to 0.4 eV.

0 0.1 0.2 03 04
Photon Energy [eV]

the frequency-dependent effective-mass ratfo'm,. m*/m, shows enhancement at low frequencies, but de-
) creases a® increases and approaches unity asymptotically
- wp 1 at high frequencies. These characteristics are not essentially
o(w)= (E>w——m 2 altered withT in the coherent region; with increasing tem-
Y perature,y* keeps itsw linearity, though both the slope and
w2 section of it increase, anth*/mj, only slightly decreases.
Q,SZZ—F’, (3a)  These features are similar to those of an optimally doped
1+ M w) cuprate superconductor in the normal sfaté®However, at

310 K y* deviates from theo-linear behavior andn*/m, is
so suppressed that it does not reach unity even at 0.4 eV,

. Rey wi) (1
Y T 1 n(0) \4x R 1N (w) (3b) though the signs ofly*/dw anddm*/dw are identical to
those at lower temperatures. The crossover begins even at
* 2 310 K, whereo(w) barely shows a zero-energy peak. In the

m 1 - 1 . P
W_ —H\(w)—l—zlmy—— _—

1\ 1
a |m(7) —. (30  high-T incoherent regiorfat 335 K in Fig. 4, y* increases
b T w

o divergently with decreasing and m*/m, falls and passes
zero in the samev region. These nonmonotonic behaviors
) ) ) ] A ) are unusual and seem to be beyond evendbdependent
rier density; my: high-frequency optical masso(w) s gcattering description of the coherent motion.

complex conductivity and relates to the complex dielectric
function &(w) as &(w)=¢.+ (47l w)o(w)i. o(w) is de-
fined aso(w)=Reo(w)=(w/4r)Ime(w). %, ¥*, and We have investigated the Al-doping effect on the optical
m*/m, are therenormalizedplasma frequencyenormalized ~ SPectra. The Al atom substituted for the Mn atom is expected
scattering rate, and mass-enhancement ratio, respectively. {fi act simply as a defect in the double-exchange system be-
this formalism, the Drude formula is generalized mg) ~ Cause it is trivalent and in the closed-shell_conﬁguraﬁoﬁ
=w;2y*/47r(w2+y* 2). In the simple Drude formulay* is In the simple Drude picture, a o!efe(a:lr an |mpur|.ty atqrm
independent of» (but depends off) andm*/m, is equal to acts as an elastic scatterer and incregseé/ r, which md—
unity. The real and imaginary parts of the complex scatterinins the Drude peafbut does not affect the spectral weight

- . ~ . . herefore, if the two-component picture is reasonable, the
rate y, that is, Rey=y(w) (unrenormalizedscattering rate  qftoct of Al doping is expected to be limited below a low-

and —Im y/w=\(w), are constrained by a KK relation. In  energy region < kgT), because the two-component picture

the limit of zero frequencyy” () approaches the dc scat- assumes that the charge dynamics obeys the simple Drude

tering rate and Imy(w) tends to zero. The paramete, is  response.

estimated by thé-sum rulef‘{)"o(w)z(1/8)w§. Figure 5 showso(w) for (LaggssShy 179 (Mny_,Al,)O;
Figure 4 showsy* (w) (main panelsandm* (w)/m,, (in-  (z=0 and 0.0L These spectra were obtained via a KK

sed of Lag ¢Sty ,MnO3 below 0.4 eV. The contribution from transformation fronR(w) measured on the cleaved surfaces.

the optical phonons is subtracted and hence the spectra b&he R(w) spectra are not shown because that of the Al-free

low 0.02 eV are noisy and contain some ambiguity. The conecrystal has been already reportet? and the overall feature

tribution from the interband excitations is negligible below is almost the same as that ofd¢sr, sMnO5; shown in Fig. 1.

0.4 eV"® Therefore, the spectra shown in Fig. 4 are theThe inset of Fig. 5 shows(T) for these two compounds.

Plasma frequency,, is defined a&)§=4wne2/mb (n: car-

C. Impurity effect
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4000 — — IV. DISCUSSION
| (Lag g25519,175)(Mn,AL)O;5

i z=0

A. One-component vs two-component response

The present experimental results indicate that the one-
component picture more reasonably describes the charge dy-
namics in the ferromagnetic-metallic state of the doped man-
ganites. The reason why is summarized as follows.

(1) The finite-energy peak inr(w) can hardly be ex-
plained by the simple Drude model. Because the finite-
energy peak continuously and smoothly changes to the quasi-
Drude peak, it seems to be artificial that the charge dynamics
immediately recovers the simple Drude response when the
peak shifts to zero frequency.

(2) The present coherent-to-incoherent crossover can be
described systematically by the frequency-dependent scatter-
ing rate y* (w) deduced from the extended Drude analysis.

FIG. 5. Temperature-dependent optical conductivity spectre{n particular, y* () exhibits a monotonigs-linear depen

(@) Of (Lag 52179 (Mn;_,AlL)Os for z=0 (solid ling) and z dence over a wide energy range up to 0.4 eV in the Tow-

.48
=1% (dashed ling Inset shows the dc resistivity(T) up coherent reglpﬁ. . .
t0 400 K. (3) The Al impurity affects the optical spectrum over the

entire energy range up to 1 eV or higher, which is contrary to
Solid and dashed lines represent #he0 andz=0.01 data, the simple Drude response. This variation also can be well
respectively. Similar to thex=0.4 compound, ther(w) described byy* ().
spectra of the Al-free compound show the coherent-to- In the one-component scenario, the slowly decaying
incoherent crossover.* is about 200 K in this case, which quasi-Drude response in the lolveoherent region is natu-
is lower thanT-=283 K. Forx=0.175, p(T) exhibits the rally interpreted to originate from the diffusive character in-
insulating behaviordp/dT<0) aboveT¢, but the essential herent in the doped carriers and to cross over to the finite-
feature of the optical spectra is independent of wheglf@)  energy peak in the higli- incoherent region. In addition,
is metallic or insulating abov@. o(w) of 1% Al-doped because the pronounced quasi-Drude peak consists of a
compound at 10 K is almost coincident with that of the Al- single collective excitation of the charge carriers, the spectral
free compound at 100 K over a wide energy range up to 1 eWweight associated with the charge transport, or Drade
or higher, which covers the entire range relevant to theveight is estimated to be 0.2—-0.3 per Mn atom at the lowest
charge dynamics. In additiony* of the Al-free x=0.175 temperaturgit depends on the estimate of the contribution
compoundFig. 6) shows thew-linear behavior similar to the from the interband excitatiohs®), which is consistent with
x=0.4 compound at low temperatureg® of the 1% Al- the Hall effect®**and specific heat studies. In contrast, in
doped compound at 10 Kdashed ling also coincides with the two-component picture, the Drude weight is estimated to
y* of the Al-free compound at 100 K. The resistivity mea- have an unphysically small value 6f0.02 per Mn atont;*°
surement shows thatg, of the 1% Al-doped compound at 10 though it is partly due to the deterioration of the sample
K is almost identical to that of the Al-free compound at 100surfaces.
K. For the double-exchange manganites, the overall feature The most significant characteristic of the charge dynamics
of the charge dynamics up to 1 eV or higher seems to bé the low-T coherent region i linearity in y* over a wide
dominated by, unless the doped Al destroys the metallic €nergy rangelWe have been unable to find a previdise-
state?? The above features are incompatible with the simpleoretica) study reporting thes dependence of*.] However,

(o]
o
=
(=
==

10K (z=0) 107}
0K@Ez=1% 5 E

2000 _h

10

1000

Optical Conductivity [ Q 'lcm'l]

295K
0 0.5 10 L
Photon Energy [eV]

Drude response.

1.5

contrary to optimally doped high-temperature superconduct-
ors (y*xw and pxT)? and heavy-fermion systemsy{
«w? andpxT?),*" there is a discrepancy between the ac and

(Lag g25510.175)(Mn,_,Al,)O5

dc conductivities for manganites; the temperature depen-
dence of the lowrF resistivity has been variously reported to
be pxT2%092 (o T393 or pal/sinf(hwd2kgT),>* but
T-linear resistivity has not been reported yeThis discrep-
ancy may originate from the difference in the energy scale.
For the manganites, the discussion on Thdependence of
the resistivity is limited at low temperaturekgT <100 K),
which are much smaller energies than the energy scale in the
discussion on/* (Aw=0.1 eV). At such low temperatures,
there is a ferromagnetic ordering and hence additional factors
FIG. 6. Frequency-dependefienormalizefi scattering rate  Such as magnon scattering may be predomifain. con-
of (Lag ST 179(Mn;_,Al,)O; calculated via an extended Drude trast, for high-temperature superconductors and heavy-
analysis forz=0 (solid line) andz=1% (dashed ling fermion systems the energy scale is coincident between the

Scattering Rate v* [eV]

0 0l 02 03 04
Photon Energy [eV]
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ac and dc conductivities. Also for another bad metalstant. The relevance i@y, and thew linearity in y* can be
SrRuQ,*"*8 p(T) exhibits T-superlinear behavior at low significant experimental constraints on future theoretical
temperatures, where the material is ferromagnetically orstudies.

dered, which is incompatible with it linearity in y*,>° but

aboveT~160 K the resistivity exhibits th&-linear behav- C. Comparison to other bad metals

ior. Another reason for the discrepancy may be the change in . _ . )
oy, or the Drude weight with temperature. Thelependence | A S|t;nllar %or;erentr-]to-mcoherer_]t (lzrgs(sjover d‘;(w)s's o
of p(T) for the manganites may be governed not only by the?!SC_observed or other prototypical bad metals, rRu

: : : (Ref. 59 and Lag_,Sr,CuQ,® and is suggested for
scattering rate at the high temperatures in the vicinity ©f Bi,Sr,CUO, % Also for these bad metals, the relation be-

tween the crossover angl,; is suggestel’ Although the
guasi-Drude response beloli is observed universally for
almost all the correlated or bad metals, the finite-energy peak
One of the important implications of the present experi-aboveT* has not been generally confirmed yet. However, if
ment is a relationship between the coherent-to-incoheren(T) increases ¢4 decreaseswith increasing temperature
crossover ino(w) and the Mott criterion inory.. The Mott  without saturation, whileR(w) still shows an edge at high
criterion oo Of La;_,SKMnO; is suggested to be 2000 temperatures, which produces a spectral weight at lower en-
—3000 O tecm™ 1, which is universal for allx, from the ergies, the finite-energy peak inevitably appears-{) at
study of the Al-impurity effect on the resistivify. The  high temperatures. In contrast,d{T) saturates at high tem-
present optical study shows that the crossover temperatugeratures, which is considered as a general characteristic of
T* is about 300 K forx=0.4 and about 200 K foix ordinary metal$® o(w) is expected to exhibit a rather weak
=0.175. For both compounds o4 is 1600 temperature d(_apendence and to keep(ﬂimple) Drude be-
—1800 O~ *cm! aroundT*. The discrepancy is not sig- havior at the high temperatures. In this sense, the absence of

nificant because the coherent-to-incoherent crossover is not'§Sistivity saturation is inseparably related to the appearance
sharp transition and also because the estimatiom,gf; in- of the finite-energy peak ior(w). Therefore, the character-

volves some ambiguif}f As is described above, such a istics of bad_m.et.als may b_e _symmarized as fo!lo(/i/)sab-.
finite-energy peak i (w) is incompatible with the coherent sence of resistivity saturatiofy) a slowly dec_?y'”g quasi-
motion of the charge carriers. It is well known that the finite-DrUde peak ino(w) at low temperatures, ani) a finite-

. o . ..~ energy peak inc(w) at high temperatures. The second
energy peak is a characteristic of the hopping conduction in g - o
disordereff! or a polaroni€? system. Therefore, the relation Characteristic can be expressed more quantitativelyas
: ; . This is named the “marginal” Fermi-liquid respon$®,

to UM"“*Sngtam'ateS that the present flnlte—energy Pealhich is different from either the noninteracting (ndepen-
aboveT™ is due to some scattering process, or a kind Ofyeny o the electron-electron scattering*(> w?) case.
localization. The condition ofow-T Ander;on Iocahzauoq Because the crossover occurs at high temperatures where
| ~\g (Or o~ omon) (Ref. 39 seems to be important also in jneastic scattering is strong, and also because the residual
the presenhigh-T crossover. For the manganitgg,T) ex-  resistivity is small and the resistivity remains metallic even
hibits the anomaly al¢, suggesting that the ferromagnetic at the lowest temperature for these materials, the present
transition is related to the change of the transport. Howevefinijte-energy peak is distinct from the lowAnderson local-
o(w) andy* (w) demonstrate thaty or | dominates more ization caused by elastic scattering due(éatrinsio disor-
directly the charge transport and/or the scattering process. der. In this sense, the present phenomenon is what is called
Although the simple double-exchange model does not extdynamical” localizatior?® and is due to some strorimtrin-
plain the insulating behavior abovg. ,>"“%*?it can explain  sic) inelastic scattering. The universality in the phenomena
the bad metallic resistivity itsetf®® Therefore, the wide- suggests the universality in the mechanism, but no general
band Lg ¢St MNO; has been regarded as a conventionalconcept for the origin of the present crossover is established
double-exchange system. However, the simple doubleto date. For doped Mott insulators, the physics relevant to the
exchange model predicts(simple Drude response io(w) insulating nature of the nondoped material, which subsists
over the entire temperature ranffecontrary to the present even in the doped metallic region, probably plays some role.
result. The additional physics such as the dynamical Jahr{for the manganites, the above-mentioned additional physics
Teller polaroni&*® or bipolaronié® effect, e;-orbital degrees  are the candidates of the origiror stoichiometric SrRug)
of freedom?%?!2* charge ordering instabili, and elec-  a recent theoretical study predicts thgj-orbital degrees of
tronic repulsioR® are important even for the wide-band man- freedom can be an origin of the strong intrinsic scattefthg.
ganites. A dynamical mean-field theory of the double- The crossover observed for LaSrMnO; is much
exchange model incorporating the dynamical Jahn-Telleclearer than that observed for other bad metals. For S§RuO
effect® can qualitatively explain the high- finite-energy the finite-energy peak at high temperatures is not so remark-
peak as well as the lovi-quasi-Drude peak. In this scenario, able, the upturn ofy* is limited to lower energiegbelow
the crossover is regarded as the crossover fromTlawebile 250 cni'l), and the peak position is much small&elow
to high-T immobile polarons. In addition, this theory also 200 cm *).>® The crossover in La ,Sr,CuQ, (Ref. 69 re-
predicts that the coherent-to-incoherent crossoves () sembles that in STRuOThe phenomenon in La,Sr,MnO;
occurs belowT ¢ for a certain strength of the coupling con- is clearly defined as th@ynamica) localization, while that

B. Coherent-to-incoherent crossover
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in SrRuQ, and Lag_,Sr,CuQ, is more itinerant and may be overall feature of the charge dynamics. In particular, the
defined as “quasi-localization.” This may be inherent to thecharge dynamics at a loWw-coherent region is characterized
perfect half-metallic statethe strong Hund’s coupling by an anomalous-linear scattering rat¢* (w) over a wide
and/or due to the strong additional physics in the manganitegnergy range up to 0.4 eV.
These features seem to support that the one-component
V. CONCLUDING REMARKS model offers a more useful description of the charge dynam-

, ) _ics. From this viewpoint, the slowly decaying quasi-Drude
We have reviewed the dynamics of the charge carriergeym in (), which is commonly observed for almost all

doped onto a prototypical double-exchange ferromagnefe correlated or bad metals, can be reasonably assigned as a
La, ,SrMnO; based on the optical spectra obtained algingle collective excitation of the charge carriers with a
pleaved surfaces of the single crystal;. The significant f'”dhighly diffusive character. The finite-energy peak at high
ings of the present study are summarized as follows. — temperatures, on the other hand, is an indication of the dy-
(1) The optical conductivityr(w) in the ferromagnetic-  5mical localization state. The charge dynamics continuously

metallic state is characterized by the coherent-to-incohereQ’Ihanges from the low- coherent to highF incoherent re-
crossover.o(w) exhibits a zero-energy, slowly decaying gimes.

quasiDrude peak at low temperatures, but above a certain
temperatureT* the quasi-Drude peak shifts to the finite-
energy region regardless of the metallic resistivity. A rela-
tionship between the crossover dt{w) and the Mott crite-
rion in oy is also suggested. We are grateful to S. Uchida, H. Takagi, and Ross H.
(2) The Al-substitution effect on the optical spectrum is McKenzie for their helpful comments. We also would like to
not limited within the low-energy region but extends up to 1thank Y. Sawaki, A. Osuka, and S. Okuyama for their help in
eV or higher. This is contrary to the prediction from the the experiments. This work was financially supported by a
simple Drude picture. Grant-in-Aid for Scientific Research from the Ministry of
(3) The frequency-dependent scattering ratgw) de-  Education, Culture, Sports, Science and Technology of Ja-
duced by an extended Drude analysis well describes thpan, by CREST of JST, and by the DAIKO Foundation.
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