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Temperature dependence of optical conductivity in double-exchange ferromagnet La12xSrxMnO3

Paulo Eduardo de Brito* and Hiroyuki Shiba
Department of Physics, Tokyo Institute of Technology, Oh-Okayama, Tokyo 152, Japan

~Received 8 August 1997!

The optical absorption observed in ferromagnetic metal La12xSrxMnO3 shows a strong temperature depen-
dence. Assuming that the temperature dependence comes mainly from the spontaneous magnetization, we
study theoretically how the optical conductivity is affected by the decrease of spontaneous magnetization. The
coherent-potential approximation is used to describe the effect oft2g spin disorder on the optical conductivity,
which consists of intraband and interband transitions withineg bands. The result explains well some important
features of the experimental data.@S0163-1829~98!04503-2#
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I. INTRODUCTION

The discovery of high-Tc superconducting oxides has le
researchers to reinvestigate a wide class of oxides, in w
magnetism and conduction are coupled. The 3d transition-
metal oxides of perovskite type are such materials. Vari
combinations have been studied extensively:R12xAxMO3

where R5La, Pr, Nd, Sm ~a rare-earth element!, A
5Ca, Sr, Ba~a divalent alkaline earth!, andM5Sc to Cu~a
transition metal with an incomplete 3d shell!. Some of the
materials listed above exhibit colossal magnetoresista
when carriers are doped. This problem has attracted m
interest not only from the viewpoint of strongly correlate
systems, but also from its potential application.

La12xSrxMnO3 is a typical material in this group. It is
believed that the ferromagnetic metallic state in these c
pounds is stabilized mainly by the double-exchan
mechanism.1–3 This originates from the strong Hund cou
pling between the charge carriers and local spins which
both dominantly of the 3d orbital character.

Recently, measurements of the optical conductivity
La12xSrxMnO3(x50.175 and 0.3! ~Ref. 4! have shown that
the excitations are present in a wide energy range fr
;0.02 to ;1 eV, whose intensity increases with the d
crease of temperature and appears to be finite even at
temperature. This absorption is sometimes called ‘‘incoh
ent absorption,’’ whose origin has been a matter of con
versy among researchers.5,6

In a recent paper,5 it was shown that the anomalous op
cal absorption ranging from;0.02 to ;1 eV, which is
present even atT50 K, is presumably related to the inte
band transition withineg bands. By using the simplest tigh
binding model for Mneg electrons on the cubic lattice, it ha
been found that the optical absorption consists of intrab
~i.e., Drude! and interband contributions. The latter contrib
tion ranges continuously from 0 to theeg-band-width. The
interband transitions become allowed due to the orbital
pendence of the transfer integral, which one naturally
pects from the overlap of Mneg and Op wave functions.7

As a continuation of Ref. 5, in this work we examine t
temperature dependence of the optical absorption due to
intraband and interband transtions withineg orbitals. Experi-
mentally a drastic and characteristic change is observe
570163-1829/98/57~3!/1539~5!/$15.00
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the spectrum when the temperature is raised from theT50
ferromagnetic phase to the paramagnetic phase above
Curie temperature. It is noteworthy that the absorption in
rangev50.2–1 eV decreases with the increase of tempe
ture. The temperature dependence of optical conducti
was already studied by Furukawa,8 who could correctly re-
produce the spectral weight transfer to high-energy region
the temperature is raised. However, the temperature de
dence of the optical conductivity below;1 eV was just
opposite to what the experimental results show. As show
Ref. 5, the orbital degeneracy ineg orbitals, which Furukawa
ignored, is actually very important for the energy region b
low 2 eV. Therefore, taking properly into account the orbi
degeneracy and assuming that the main source of the
perature dependence is the magnetization oft2g electrons
which are Hund coupled witheg electrons, we examine in
this paper the temperature dependence of the optical s
trum. For simplicity we treat the disorder oft2g spins by
using the coherent-potential approximation,9 which captures
the essence of Furukawa’s dynamical mean-field treatme8

The result shows that the interband absorption is stron
temperature dependent, consistent with the experiment.
total optical conductivity for 2eg orbitals is much different
from that for the single-orbital case, particularly in the e
ergy region where the interband transitions are importan

II. MODEL AND METHOD

We use the simplest Hamiltonian foreg electrons,

H5H01HK , ~1!

whereH0 is the tight-binding model to describe the electro
in the eg orbitals:

H05 (
^ i j &s
gg8

t i j
gg8~cigs

† cig8s1H.c.!. ~2!

The operatorcigs
† creates an electron with spins(5↑,↓) in

the orbital g at site i . The transfer integralt i j
gg8 depends

sensitively on the orbitals, since the overlap integral betw
the Mn 3d and O 2p orbitals is involved.7 If 3z22r 2 and
x22y2 orbitals are used for twoeg orbitals, we obtain
1539 © 1998 The American Physical Society
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t i j
gg852tS 1

4
2

A3

4

2
A3

4

3

4

D , 2tS 1

4

A3

4

A3

4

3

4

D , 2tS 1 0

0 0D
~3!

for rW j5rW i6 x̂, rW j5rW i6 ŷ, rW j5rW i6 ẑ, respectively. Here
x̂, ŷ, andẑ are the nearest-neighbor distances alongx, y, and
z directions, respectively.

The second term in Eq.~1! is the Hund coupling ofeg
electrons with localizedt2g electrons,

HK52J(
i

SW i
t2g

•sW i , ~4!

whereSW i
t2g is the localized spin andsW i is the spin of itinerant

eg electron. In this paper, we approximateSW t2g by an Ising
spin for simplicity:

HK52J(
is

Sisnis . ~5!

The electron-electron interaction within theeg orbitals is ig-
nored here; its possible effect will be discussed later.

In the momentum representationH0 is expressed as

H05(
kWs

gg8

«gg8~kW !~ckWgs
†

ckWg8s1H.c.!, ~6!

where«gg8(k
W ) is the Fourier transform oft i j

gg8 :

«gg8~kW !5«0dgg81«1tgg8
z

1«2tgg8
x . ~7!

Heretz andtx are Pauli matrices in the orbital subspace,

tz5S 1 0

0 21D , tx5S 0 1

1 0D .

«0(kW ), «1(kW ), and«2(kW ) are given by

«05t~coskx1cosky1coskz!, ~8!

«15 1
2 t~coskx1cosky22 coskz!, ~9!

«252
A3

2
t~coskx2cosky!. ~10!

The lattice constanta as well as\ is taken to be unity.
The ferromagnetic metal La12xSrxMnO3 is fully spin po-

larized atT50. As the temperature is raised, the ferroma
netic moment decreases. That is, thet2g spins gradually be-
come disordered with the increase of temperature. I
natural to think that this is the most important effect of te
perature on optical properties. As a first approximation
describe the effect of spin disorder we use the coher
potential approximation~CPA!,9 which is the same as th
dynamical mean-field~DMF! theory10 in its spirit. Basically
the CPA as well as DMF assumes that the spin disorder
local one: eacht2g spin takes↑ ~or ↓) with probabilityp↑ ~or
p↓). Intersite correlations are not taken into account in t
-

is
-
o
t-

a

s

treatment. This assumption may be too crude to be real
for La12xSrxMnO3, since we expect the spatial change
magnetization to be gradual. In fact later we shall see so
consequences of this assumption in optical conductivity.

According to the CPA one assumes a local~i.e.,
momentum-independent!, frequency-dependent self-energ
Ss(v1 id) to describe an average effect oft2g spins on the
eg spin-s electrons. It is related to the local Green functio
as

G̃s~z!5E
2`

`

d«
D~«!

z2Ss~z!2«
, ~11!

where D(«) is the density of states for the tight-bindin
modelH0, which is shown in Fig. 1.

Local fluctuations fromSs(v1 id), which are given by
2JSs2Ss(v1 id), causes a scattering ofeg electrons.
Ss(v1 id) is determined in such a way that the average
the scattering due to the local fluctuations fromSs(v1 id)
should vanish:

K 2JSis2Ss~v1 id!

12G̃s~v1 id!„2JSis2Ss~v1 id)…
L

average overSi

50.

~12!

Let us assume thatSi takes eitherS or 2S with probability
p
↑

or p
↓
, respectively. Then Eq.~12! reduces to the following

self-consistency equation:

p↑
2JSs2Ss

12G̃s~2JSs2Ss!
1p↓

JSs2Ss

12G̃s~JSs2Ss!
50.

~13!

The t2g spinS is 3
2, andp↑1p↓51 holds. The average mag

netization is given by

M5S~p↑2p↓!. ~14!

Then the self-consistency equation~13! is written as

G̃sSs
21Ss2G̃s~JS!22sJM50. ~15!

Coupled equations~11! and ~15! are solved self-
consistently by using the density of statesD(v) in Fig. 1.
The resulting density of states for spins eg electrons,

D̃s~v!52
1

p
ImG̃s~v1 id! ~16!

FIG. 1. The density of states~DOS! D(«) of the tight-binding
model in Eq.~6! is shown with a solid line and semielliptic form in
Eq. ~17! with dotted line.
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is shown in Fig. 2 for spins5↑ above the frequency axi

and spins5↓ below the axis.D̃↓(v) can be obtained simply

by taking a reflection ofD̃↑(v) with respect tov50.
Figure 2 shows that the density of statesD̃s(v) is broad-

ened due to the spin disorder, as naturally expected. Sec
D̃↑(v) consists of two parts due to the exchange splitti
the low-energy part comes mainly from hopping via si
with ↑t2g spin, whereas the high-energy part is due to h
ping via sites with↓t2g spin. The splitting of the spectrum i
approximately 2JS. The magnitude of the parameters re
evant to ferromagnetic La12xSrxMnO3 is as follows. The ex-
change splittingEex52JS(S5 3

2 ) is estimated as;3 eV.11

The hopping integralt can be estimated by comparing th
tight-binding model with a band-structure calculation;12 it
leads tot50.3–0.4 eV~i.e, the total bandwidth 6t51.8–2.4
eV!. These estimations are taken into account in Fig.
where 2JS is larger than the total bandwidth inD(«). This is
the reason for the splitting of the two bands. When 2JS is
smaller than the total bandwidth 2W(56t), the splitting
does not occur. The relative weights of the two parts dep
on M ~i.e., p↑512p↓). The weight of the low-energy part i
larger in D̃↑(v) when the system is partially polarized a
p↑50.8 andp↓50.2. For the fully polarized caseM5S ~i.e.,
p↑51), which corresponds toT50, we obtain D̃↑(v)
5D(v1JS) and D̃↓(v)5D(v2JS).

FIG. 2. The density of statesD̃s(v) for ~a! p↑50.8 andp↓
50.2 and~b! p↑5p↓50.5. The solid line shows the result for DO
of the tight-binding model in Eq.~6!, whereas the thin line repre
sents the result for the semielliptic band.S5

3
2 and J/t52.2 are

assumed to describe La12xSrxMnO3.
nd,
:

s
-

,

d

For a comparison we also show the density of sta
D̃↑(v), which has been obtained by using the semiellip
form for D(«),

D~«!5
2

p

1

W2
AW22«2, ~17!

instead of the density of states~DOS! for the tight-binding
model. In Fig. 1 we show the density of states from the
cases. HereW is chosen as 3t, which gives the same tota
width as the DOS from the tight-binding model. It is cle
that because of the broadening due to spin disorder b
densities of states are not so different except for a small
in the central region.

III. OPTICAL CONDUCTIVITY

The optical conductivity is calculated from the Kubo fo
mula

smm~v1 id!5
2 i

v1 id
@Kmm~v1 id!2Kmm~0!#, ~18!

whereKmm(v1 id) can be obtained from the standard the
mal Green function

Kmm~ ivm!52
1

b(
n

(
kW ,s

Tr$JmGkW
s
~ ivm1 i«n!JmGkW

s
~ i«n!%

~19!

via analytic continuation.vm is the Matsubara frequency
vm52mpkBT (m is an integer!. The current operator along
the m(5x,y,z) direction is given by

Jm5(
kWab

j m
ab~kW !ckWa

†
ckWb , ~20!

where j m
ab(kW )5(2e)]«ab(kW )/]km . From Eq.~7!, we have

j m
ab~kW !5 j m0~kW !dab1 j m1~kW !tab

z 1 j m2~kW !tab
x . ~21!

Within the CPA, which is a single-site approximation, th
effect of spin disorder is described by the self-energySs in
the Green function as

GkWbb8
s

~ i«n!5S 1

i«n2Ss~ i«n!2m2 «̂~kW !
D

bb8

. ~22!

The Green function can be divided into two contributio
corresponding to the twoeg bands:

1

z2 «̂~kW !
5

Â1~kW !

z2E1~kW !
1

Â2~kW !

z2E2~kW !
, ~23!

where the twoeg bands and their weights are given by
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E6~kW !5«06A«1
21«2

2, Â6~kW !5
1

2
6

1

2

«1tz1«2tx

A«1
21«2

2
.

~24!

«0, «1, and«2 are defined in Eqs.~8!, ~9!, and~10!, respec-
tively.

Because of the twoeg bands the conductivity can be d
vided into intraband and interband contributions:

Resmm
intra~v1 id!

5E
2`

`

d«
f ~«!2 f ~«1v!

v

3(
kWs

F S j 01
j 1«11 j 2«2

A«1
21«2

2 D 2

3D̃s
~1 !~«!D̃s

~1 !~«1v!1S j 02
j 1«11 j 2«2

A«1
21«2

2 D 2

3D̃s
~2 !~«!D̃s

~2 !~«1v!G , ~25!

Resmm
inter~v1 id!

5E
2`

`

d«
f ~«!2 f ~«1v!

v (
kWs

~ j 1«22 j 2«1!2

«1
21«2

2

3@D̃s
~2 !~«!D̃s

~1 !~«1v!1D̃s
~1 !~«!D̃s

~2 !~«1v!#,

~26!

where

D̃s
~6 !~«!52

1

p
ImS 1

«2Ss~«1 id!2E6~kW !
D ~27!

is the density of states for band6 and spins. The results in
Eqs.~25! and~26! reduce to that in Ref. 5, when the syste
is completely polarized atT50.

In Fig. 3 we show the total optical conductivity

Res~v1 id!5Res intra~v1 id!1Res inter~v1 id! ~28!

for various values of magnetizationM at n50.7 ~corre-
sponding tox50.3 in La12xSrxMnO3). Together with the
total conductivity the intraband and interband contributio
are also shown separately. For simplicity, we usedSs for
semiellipticD(«), since it is not much different from the tru
density of states as demonstrated in Fig. 2.

Figure 3 shows the following.
~1! The interband absorption is modified by spin disord

The latter effect generally relaxes the momentum conse
tion in the transition process, so that the absorption betw
v;2t and 4t decreases with the decrease of magnetizat
whereas the absorption aroundv;0 andv;2JS increases.

~2! The intraband absorption is also strongly affected
spin disorder. The sharp Drude absorption atv50 is broad-
ened appreciably as the magnetization decreases; at the
time the absorption atv;2JS grows. The peak atv;2JS
corresponds to the excitation process from the lower ban
s

.
a-
en
n,

y

me

to

the upper band of the exchange-split density of states. Ph
cally it originates from the transfer of aneg electron from a
site, on which thet2g spin is parallel to theeg electron, to a
nearest-neighbor site, on which thet2g spin is antiparallel.
As far as this process of spectral weight transfer is c
cerned, the present result for the intraband absorption
similar to Furukawa’s work, in which the orbital degenera
in eg is ignored.

~3! The total optical conductivity is just a sum of the tw
contributions described above. AtT50, where the magneti-
zation is completely aligned, the optical conductivity co
sists of the Drude peak atv50, and the interband absorptio
ranging from v50 to v54t.5 As the magnetization de
creases, the Drude peak becomes broad and interband

FIG. 3. The optical conductivity as a function ofv for various
magnetizations. The electron densityn is 0.7.~a! Total conductivity
(s total). ~b! Intraband conductivity (s intra). ~c! Interband conductiv-
ity (s intra).



f

g

s

o
d

t

o

ion
x-
of
he
the

ify

ture
tem-
tion

ful
rom

57 1543TEMPERATURE DEPENDENCE OF OPTICAL . . .
sorption betweenv;2t and 4t decreases. It is accompanie
by a spectral weight transfer to high frequency atv;2JS.

IV. COMPARISON WITH EXPERIMENTS
AND DISCUSSION

The experimental optical conductivity o
La12xSrxMnO3 (x50.175 and 0.3! ~Ref. 4! shows that, in
the high-frequency region, the peak increases as the ma
tization decreases~i.e., with the increase of temperature!,
whereas the absorption in the intermediate-frequency reg
decreases as the magnetization decreases. Our result
scribed in Sec. III explain well these experimental feature

Comparing the present result with the experiments m
closely, we find a disagreement on the width of the Dru
part centered aroundv50. It is simply too large in our re-
sult. This is presumably due to the single-site nature of
CPA, in which intersite correlations oft2g spins are totally
ignored. This also applies to the dynamical mean-field the
of Furukawa. Physically speaking,t2g spins must change
B

d

ne-

ion
de-

s.
re
e

he

ry

gradually in space. Then a longer ‘‘transport relaxat
time,’’ is expected compared with the ‘‘one-particle rela
ation time,’’ which is determined by the imaginary part
Ss ; thus it must result in narrower Drude peak. In fact, if t
Drude width were smaller in our intraband absorption,
total conductivity becomes closer to experimental data.

The effect of electron-electron interaction amongeg elec-
trons is not taken into account in this paper. It would mod
the optical spectrum even atT50; a quantitative calculation
on this point is underway. However, as far as the tempera
dependence is concerned, we do not expect any strong
perature dependence from the electron-electron interac
amongeg electrons.

ACKNOWLEDGMENTS

The authors thank Y. Tokura and N. Hamada for use
discussions. P. E. B. acknowledges financial support f
Conselho Nacional de Pesquisas~CNPq-Brazil!.
*Permanent address: International Center of Condensed Ma
Physics, Universidade de Brasilia, Brazil.
1C. Zener, Phys. Rev. B82, 403 ~1951!.
2P. W. Anderson and H. Hasegawa, Phys. Rev.100, 675 ~1955!.
3P. G. de Gennes, Phys. Rev.118, 141 ~1960!.
4Y. Okimoto, T. Katsufuji, T. Ishikawa, A. Urushibara, T. Arima

and Y. Tokura, Phys. Rev. Lett.75, 109~1995!; Y. Okimoto, T.
Katsufuji, T. Ishikawa, T. Arima, and Y. Tokura, Phys. Rev.
55, 4206~1997!.

5H. Shiba, R. Shiina, and A. Takahashi, J. Phys. Soc. Jpn.66, 941
~1997!.

6S. Ishihara, M. Yamanaka, and N. Nagaosa, Phys. Rev. B56, 686
~1997!.
tter

,

7W. A. Harrison, Electronic Structure and the Properties of
Solids—The Physics of Chemical Bond~Freeman, San Fran-
cisco, 1980!.

8N. Furukawa, J. Phys. Soc. Jpn.64, 3164~1995!; Spectroscopy of
Mott Insulators and Correlated Metals, edited by A. Fujimori
and Y. Tokura~Springer, Berlin, 1995!, p. 230.

9See, for instance, P. Soven, Phys. Rev.156, 809 ~1967!.
10See, for instance, A. Georges, G. Kotliar, W. Krauth, and M. J.

Rozenberg, Rev. Mod. Phys.68, 13 ~1996!.
11Y. Moritomo, A. Machida, K. Matsuda, M. Ichida, and A. Naka-

mura, Phys. Rev. B56, 5088 ~1997!; Y. Tokura ~private com-
munication!.

12N. Hamada~unpublished!.


