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Spectral properties and infrared absorption in manganites

C. A. Perroni, G. De Filippis, V. Cataudella, and G. Iadonisi
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~Received 11 April 2001; published 21 September 2001!

Within a recently proposed variational approach it has been shown that, in La12xAxMnO3 perovskites with
0,x,0.5, near the metal-insulator transition, the combined effect of the magnetic and electron-phonon inter-
actions pushes the system toward a regime of two coexisting phases: a low electron density one made by
itinerant large polarons forming ferromagnetic domains and a high electron density one made by localized
small polarons giving rise to paramagnetic or antiferromagnetic domains depending on temperature. Employ-
ing the above-mentioned variational scheme, in this paper spectral and optical properties of manganites are
derived for x50.3 at different temperatures. It is found that the phase separation regime induces a robust
pseudogap in the excitation spectrum of the system. Then the conductivity spectra are characterized by a
transfer of spectral weight from high to low energies, as the temperatureT decreases. In the metallic ferro-
magnetic phase, at lowT two types of infrared absorption come out: a Drude term and a broad absorption band
due respectively to the coherent and incoherent motion of large polarons. The obtained results turn out in good
agreement with experiments.
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In the last years the perovskite oxides La12xAxMnO3 (A
represents a divalent alkali element such as Sr or Ca! have
become one of the main research areas of the conde
matter community because of the colossal magnetoresist
effect exhibited for 0.2<x<0.5.1,2 The study of these mate
rials started in the 1950s showing the strong correlation
tween magnetization and resistivity.3 Since in the electroni-
cally active Mn 3d orbitals the mean number ofd electrons
per Mn is 42x, three electrons go into thet2g core states and
the remaining 12x electrons occupy the outer shelleg orbit-
als. The ferromagnetic phase was explained by introduc
the double-exchange mechanism4,5 that takes into accoun
the combined effect of theeg electron hopping betwee
nearest-neighbor sites and the very strong Hund’s excha
with the localizedt2g electron spins. In the 1990s the disco
ery of the colossal magnetoresistance phenomenon
aroused a renewed interest for these compounds. In ord
explain the experimental data, it has been suggested tha
addition to the double-exchange term, a strong interac
between electrons and lattice distortions plays a n
negligible role.6 Next the relevance of the Jahn-Teller p
laron formation has been confirmed experimentally by
giant isotope shift of the Curie temperature,7 by measure-
ments of the lattice distortions by extended x-ray-absorp
fine structure8 and by frequency shifts of the internal phono
modes.9 Furthermore, both pseudogap features and cond
tivity spectra of these compounds have been discusse
terms of a strong coupling to lattice distortions.10–15 Nowa-
days the role of the polaron is widely recognized.16

Recent studies have showed the presence of strong
dencies toward the phase separation in manganites.2,17 At
low temperatures for compositions near the metal-insula
transition the ferromagnetic and antiferromagnetic pha
coexist while, close to the paramagnetic-to-ferromagn
transition temperature, the phase separation occurs betw
paramagnetic and ferromagnetic domains. From a theore
point of view, the coexistence between hole-poor and ho
0163-1829/2001/64~14!/144302~17!/$20.00 64 1443
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rich phases has been discussed by using exact numerica
proaches on small lattices assuming classical Jahn-T
phonons.2,18 The pseudogap formation19 and the optical
properties20,21also have been studied neglecting the quant
nature of phonons. One of the drawbacks of this approxim
tion in the optical properties is, for example, that at lo
temperatures in the metallic ferromagnetic phase a nar
Drude peak cannot be obtained.

In a recent paper,22 some of us have shown, on the bas
of a variational approach, that the quantum character of
Jahn-Teller phonons and the polaron formation can be imp
tant to explain the experimentally observed tendency of m
ganites to form inhomogeneous magnetic structures nea
phase boundaries. We employ the scheme proposed in
paper to deduce spectral and optical properties of manga
for x50.3 at different temperatures. It is interesting to stu
the properties of these compounds at this doping since in
range of concentrations aroundx50.3 the colossal magne
toresistance effect is very pronounced in many mangan
oxides.1 In this paper we find that the phase separation
gime induces a robust pseudogap in the excitation spect
of the system. The pseudogap features show a direct rela
ship with the metal-insulator transition and with the cros
over from the coherent large polaron dynamics to the in
herent small polaron one. Our results turn out compati
with experimental findings.10,11Next, by using the formalism
of generalized Matsubara Green’s functions,23–27 we deter-
mine the scattering rate of charges affected by the interac
with the lattice and the spin fluctuations. The single phon
emission and absorption represent the main mechanism
scattering. However, the damping due to spin fluctuation
effective in the energy range around the chemical poten
m. The scattering rate turns out fundamental to derive
very interesting optical properties of the system. With d
creasingT, our spectra are characterized by a transfer
spectral weight from high to low energies filling up the low
frequency optical gap present in the high-temperature ph
©2001 The American Physical Society02-1
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Indeed at highT the infrared absorption is due to the inc
herent small polaron dynamics. Instead, at low temperatu
in the ferromagnetic phase the system shows two type
optical response: a Drude term and a broad absorption b
due respectively to the coherent and incoherent motion
large polarons. The results obtained are consistent with
perimental data.12,13,28

In Sec. I the model and the variational approach are
viewed; in Sec. II the spectral properties are deduced; in S
III the damping of the particle motion is calculated; in Se
IV the optical properties are discussed. In appendix detail
the calculations employed to derive the optical properties
reported.

I. THE MODEL AND THE VARIATIONAL APPROACH

The model takes into account the double-excha
mechanism, the coupling of theeg electrons to lattice distor
tions, and the superexchange interaction between neigh
ing localizedt2g electrons. The coupling to longitudinal op
tical phonons arises from the Jahn-Teller effect that splits
eg double degeneracy.29 Adopting the single-orbital approxi
mation ~reasonable forx,0.5), the Hamiltonian reads

H52t(
^ i , j &

S S0
i , j11/2

2S11 D ci
†cj1v0(

i
ai

†ai

1gv0(
i

ci
†ci~ai1ai

†!

1e(
^ i , j &

SW i•SW j2m(
i

ci
†ci . ~1!

Heret is the transfer integral between nearest-neighbor~NN!
sites^ i , j & for electrons occupyingeg orbitals,S0

i , j is the total
spin of the subsystem consisting of two localized spins
NN sites and the conduction electron,S is the spin of thet2g

core states (S53/2), andci
†(ci) creates~destroys! an elec-

tron with spin parallel to the ionic spin at thei th site. The
first term of the Hamiltonian describes the double-excha
mechanism in the limit where the intra-atomic exchange
tegralJ is far larger than the transfer integralt. Furthermore,
in Eq. ~1! v0 denotes the frequency of the local optical ph
non mode,ai

†(ai) is the creation~annihilation! phonon op-
erator at the sitei, the dimensionless parameterg indicates
the strength of the electron-phonon interaction in the H
stein model,30 e represents the antiferromagnetic super
change coupling between two NNt2g spins, andm is the
chemical potential.

The hopping of electrons is supposed to take place
tween the equivalent NN sites of a simple cubic lattice se
rated by the distanceun2n8u5a. The units are such that th
Planck’s constant\51, the Boltzmann’s constantkB51 and
the lattice parametera51.

Following the recently proposed variational scheme,22 we
perform two successive canonical transformations to treat
electron-phonon interaction variationally.

The first is the variational Lang-Firsov unitar
transformation31,32
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U15expF2g(
j

~ f cj
†cj1D!~aj2aj

†!G ~2!

where f and D are variational parameters. The quantityf
represents the strength of the coupling between an elec
and the phonon displacement on the same site, hence it m
sures the degree of the polaronic effect. On the other ha
the site-independent parameterD denotes a displacemen
field describing static lattice distortions that are not infl
enced by the instantaneous position of the electrons.

The second canonical transformation is of Bogoliub
type33

U25expF2a(
j

~aj
†aj

†2ajaj !G , ~3!

wherea is a variational parameter. It introduces correlatio
between the emission of successive virtual phonons by
electrons and it is responsible of the phonon frequency re
malization.

The transformed HamiltonianH̃5U2U1HU1
21U2

21 be-
comes

H̃5(
^ i , j &

Ci , j ci
†cj1v̄0(

i
ai

†ai1Nv0sinh2~2a!1Nv0g2D2

1v0sinh~2a!cosh~2a!(
i

~ai
†ai

†1aiai !2v0ge2aD

3(
i

~ai1ai
†!1e(

^ i , j &
SW i•SW j1(

i
ci

†ci~ C̃i1h2m!, ~4!

where the operatorCi , j reads

Ci , j52tS S0
i , j11/2

2S11 DXi
†Xj ~5!

andXi is the phononic operator

Xi5exp@g f e22a~ai2ai
†!#. ~6!

Furthermore, in the Hamiltonian~4! we specify the renor-
malized phonon frequencyv̄05v0cosh(4a), the number of
lattice sitesN, the phonon operatorC̃i ,

C̃i5v0g~12 f !e2a~ai1ai
†!, ~7!

and the quantityh,

h5v0g2f ~ f 22!12v0g2~ f 21!D ~8!

that measures the electronic band shift due to the elect
phonon interaction.

To obtain the free energy in a variational scheme,
introduce a test Hamiltonian characterized by electron, p
non, and spin degrees of freedom nonmutually interactin
2-2
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Htest52te f f(
^ i , j &

ci
†cj1v̄0(

i
ai

†ai1Nv0sinh2~2a!

1Nv0g2D22gsmB(
i

hW e f f•SW i1~h2m!(
i

ci
†ci .

~9!

The quantityte f f denotes the effective transfer integral

te f f5t K S S011/2

2S11 D L e2ST, ~10!

where the symbol̂ & indicates a thermal average and t
quantityST is

ST5g2f 2e24a~2N011! ~11!

with N0 being the average number of phonons with f
quencyv̄0. In the test Hamiltonian~9! gs is the dimension-
less electron-spin factor (gs.2), mB is the Bohr magneton
and he f f is the effective molecular magnetic field in a ce
containing two neighboring sites. The magnetic field is
duced by a partial orientation of ionic spins around this c
and is determined by the variational approach.34 We notice
that in Eq.~10! the factore2ST controls the band renorma
ization due to the polaron formation.

To obtain the variational free energy of the system,
employ the Bogoliubov inequality

F<Ftest1^H̃2Htest& t , ~12!

where ^ & t indicates a thermodynamic average made us
the test Hamiltonian. This approach allows to treat the lo
spin dynamics in a variational mean field theory.34 The free
energy per site becomes

F

N
5 f test

el 1T ln~12e2bv̄0!1v0sinh2~2a!1v0g2~12 f !2r2

2T ln nS6
e

2
ZS2mS

21TlmS , ~13!

where the electron free energy reads

f test
el 5S 1

ND(
k

jknk1TS 1

ND(
k

@nkln nk

1~12nk!ln~12nk!# ~14!

with nk5nF(jk) the Fermi distribution function. We getjk

5 «̄k2m, where «̄k5«k1h is the renormalized electroni
band and«k the band dispersion

«k522te f f@cos~kx!1cos~ky!1cos~kz!#. ~15!

Furthermore, in Eq.~13! b is the inverse of the temperatur
nS is the partition function of the localized spins, the top a
bottom sign ofe hold, respectively, for the ferromagnetic an
antiferromagnetic solutions of the localized spins,Z indicates
the number of nearest neighbors,mS represents the magnet
zation of the localized spins, andl is a dimensionless varia
tional parameter proportional to the effective magnetic fie
14430
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In order to simplify the calculations, we consider a sem
circular electronic density of states

g~j!5S 2

pW2D u~W2uj2h1mu!AW22~j2h1m!2,

~16!

where W5Zte f f is the renormalized band half-width an
u(x) is the Heaviside function. Actuallyg(j) represents a
simple approximate expression for the exact density of st
and it is generally used for a three-dimensional lattice.35,36

Therefore the electron free energy becomes

f test
el 5E

2`

`

djg~j!jnF~j!1TE
2`

`

djg~j!$nF~j!ln nF~j!

1@12nF~j!# ln@12nF~j!#%. ~17!

As shown in Ref. 22, in the intermediate electron-phon
coupling regime, the free energy~13! gives rise to a region of
coexisting phases characterized by different electron de
ties r1 and r2 but the same value of chemical potentialm.
The quantitiesr1 and r2 depend on the temperature an
correspond to homogeneous phases of the system consti
by large and small polarons, respectively. Hence, near
metal-insulator transition@see Fig. 1~a!#, the system segre
gates into ferromagnetic and antiferromagnetic or param

FIG. 1. ~a! The phase diagram corresponding tot52v0 , g
52.8 ande50.01t. PI means paramagnetic insulator, FM ferr
magnetic metal, and AFI antiferromagnetic insulator. The ar
PI1FM and AFI1FM indicate regions where localized~PI and
AFI! and delocalized~FM! phases coexist.~b! The fractions of vol-
ume (V1 /V) f erro and (V2 /V)para at x50.3 as a function of the
temperature (T is expressed in units ofv0).
2-3
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netic domains of large and small polarons. We observe
the quantityx denotes the hole concentration, that isx51
2r, wherer is the electron concentration.

In the region of coexistence, the fractions of volum
V1 /V and V2 /V, filled with densityr1 and r2, are deter-
mined by the two conditions:V1 /V1V2 /V51 and
(V1 /V)r11(V2 /V)r25r. In Fig. 1~b! we report the frac-
tions of volume (V1 /V) f erro and (V2 /V)para for x50.3 as a
function of the temperature@the dotted line in Fig. 1~a! al-
lows us to recognize the different phases of the system at
doping#.

In the regime of phases coexisting,37,38 it is possible to
calculate any propertyB of the system by means of the line
combination of the propertiesB1 andB2 characteristic of the
single phases assuming the respective volume fract
(V1 /V) and (V2 /V) as weights,

B5S V1

V DB11S V2

V DB2 . ~18!

Hence we assume that in this regime the properties of
system are independent of morphology of coexisting
mains.

II. SPECTRAL PROPERTIES

In this section we calculate the spectral properties of
system.

Performing the two canonical transformations~2!,~3! and
exploiting the cyclic properties of the trace, the electron M
subara Green’s function becomes39

G~k,t!52S 1

ND(
i , j

eik•(Ri2Rj )^Ttc̃i~t!X̃i~t!cj
†Xj

†&,

~19!

where c̃i(t)5etH̃cie
2tH̃ and X̃i(t)5etH̃Xie

2tH̃, with H̃
given by Eq.~4!.

The correlation function in Eq.~19! can be disentangled
into electronic and phononic terms by using the test Ham
tonian ~9!, hence

G~k,t!52S 1

ND(
i , j

eik•(Ri2Rj )^Ttc̄i~t!cj
†& t^TtX̄i~t!Xj

†& t ,

~20!

where now we have c̄i(t)5etHtcie
2tHt and X̄i(t)

5etHtXie
2tHt.

The Green’s function in Matsubara frequenciesvn reads

G~k,ivn!5e2STG (0)~k,ivn!

1e2STS 1

ND(
k1

S 1

b D(
m

G (0)~k1 ,ivm!

3E
0

b

exp@~ ivn2 ivm!t#

3S expH s coshF v̄0S t2
b

2 D G J 21D , ~21!
14430
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whereG (0)(k,ivn) is the Green’s function of noninteractin
particles and

s52 f 2g2e24a@N0~N011!#1/2. ~22!

We notice that two physically distinct terms appear in E
~21!, the coherent one and the incoherent one.40,41 The first
derives from the coherent motion of electrons and their s
rounding phonon cloud~this process is calleddiagonal tran-
sition!. The renormalization factore2ST appearing in this
term plays the role of the residueZ at the pole in a Fermi-
liquid description.42 The second contribution describes th
possibility of changing the number of phonons in the phon
cloud during the electron hopping~this process is known a
nondiagonal transition!. This is confirmed by the presence o
the sum over all electron momenta that reflects the fact
the electron momentum is not conserved separately from
phonon one.

In the second term of the expression~21!, we can perform
the expansion

expH s coshF v̄0S t2
b

2 D G J 52(
l 51

1`

I l~s!coshF v̄0S t2
b

2 D G
1I 0~s! ~23!

into multiphonon contributions, where the symbolsI l(s) de-
note the modified Bessel functions.

Making the analytic continuationivn→v1 id, one ob-
tains the retarded Green’s functionGret(k,v) and the spec-
tral function

A~k,v!522 ImGret~k,v!

52pe2STd~v2jk!12pe2ST (
l (Þ0)2`

1`

I l~s!eb l v̄0/2

3@12nF~v2 l v̄0!#g~v2 l v̄0!12pe2ST

3 (
l (Þ0)2`

1`

I l~s!eb l v̄0/2nF~v1 l v̄0!g~v1 l v̄0!

12pe2ST@ I 0~s!21#g~v!. ~24!

The first term represents the purely polaronic band contri
tion and shows a delta behavior. The remaining terms p
vide the incoherent contribution and spread over a wide
ergy range. Thus we get the renormalized density of stat

N~v!5
1

2p S 1

ND(
k

A~k,v!, ~25!

where the spectral functionA(k,v) is given by Eq.~24!. We
note that the sum rule*2`

1`(dv/2p)A(k,v)51 is satisfied
andN(v) is normalized to unity.
2-4
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So we can evaluate the renormalized electron distribu
function

nk
ren5E

2`

1`dv

2p
A~k,v!nF~v!

5e2STnF~jk!1e2ST (
l (Þ0)2`

1`

I l~s!eb l v̄0/2

3E
2`

`

djg~j!@12nF~j!#nF~j1 l v̄0!1e2ST

3 (
l (Þ0)2`

1`

I l~s!eb l v̄0/2E
2`

`

djg~j!nF~j!nF~j2 l v̄0!

1e2ST@ I 0~s!21#E
2`

`

djg~j!nF~j!. ~26!

At zero temperature it is found thatnren(m2d)2nren(m
1d)5e2ST, so the factore2ST determines the jump in the
Fermi distribution function.40 For low temperatures andx
.0.25, e2ST is about 0.9, therefore the spectral propert
indicate a polaronic Fermi-liquid state in the metallic ferr
magnetic phase.

On the other hand, for the small polaron excitations a
high temperatures, we expect that the spectral properties
dominated only by the incoherent term. It is well known39

that in this limit the spectral function~24! consists of a sum
of delta functions on the pointsnv0. This is caused by the
choice of a dispersionless phonon frequency. To overco
this drawback, there are two ways of proceeding: the firs
to introduce a phononic dispersion relation,30 whereas the
second is to make a high-temperature expansion.43 In this
paper we concentrate on the latter approach performin
Eq. ~21! the following approximation43

e2STexpH s coshF v̄0S t2
b

2 D G J .exp~2 s̄t!expS s̄

b
t2D ,

~27!

wheres̄ is

s̄5
2 f 2g2e24av̄0

2b

4 sinhS bv̄0

2
D .g2v0 . ~28!

This expansion is valid as long as (b s̄/12)(bv̄0/4)2,1,
henceT.0.3v0. In this limit the Green’s function become
14430
n

s
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G~k,ivn!5e2STG (0)~k,ivn!2e2STS 1

ND(
k1

G (0)~k1 ,ivn!

1S 2
i

2DApb

s̄
S 1

ND(
k1

~12nk1
!W

3F1

2
Ab

s̄
~ ivn2jk1

2 s̄!G
1S 2

i

2DApb

s̄
S 1

ND(
k1

nk1
W

3F1

2
Ab

s̄
~ ivn2jk1

1 s̄!G , ~29!

whereW(z) is

W~z!5e2z2F11
2i

Ap
E

0

z

dzez2G . ~30!

In the small polaron case, we getjk.2g2v02m. The
incoherent term yields

A~k,v!.A~v!5@12nF~2g2v02m!#Apb

s̄

3expF2
b

4s̄
~v1g2v01m2 s̄!2G1nF~2g2v0

2m!Apb

s̄
expF2

b

4s̄
~v1g2v01m1 s̄!2G .

~31!

We stress that this spectral function represents the enve
of the delta functions obtained by Eq.~24! for small polaron
excitations in the limit of high temperatures. Furthermo
using the spectral function~31!, we can derive the renormal
ized density of states

N~v!5
A~v!

2p
~32!

that turns out normalized to unity.
In Fig. 2 we report the spectral function for two differe

temperatures atx50.3. At T50.05v0, the spectral function
is deduced by Eq.~24! and the casejk50 is considered. It is
apparent that in the large polaron ferromagnetic phase
weight of the coherent term is prevalent. ForT50.47v0, in
the paramagnetic phase, the spectral function is provided
2-5
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FIG. 2. The spectral function~corresponding
to t52v0 andg52.8) atx50.3 as a function of
the energy~in units ofv0) for two different tem-
peratures: ~solid line! T50.05 and jk50,
~dashed line! T50.47 (T is expressed in units o
v0).
o
d
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e
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c
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Eq. ~31! and it is determined by the incoherent dynamics
the small polaron excitations. It is made up of two ban
peaked approximately around2g2v0 andg2v0, whose dif-
ferent heights are due to the fixed doping. At high tempe
tures the spectral function is characterized by a large dep
sion in correspondence ofm. With decreasing temperatur
and fixed doping, a transfer of spectral weight occurs cro
ing the regime of coexisting phases. To stress this impor
point, in Fig. 3 we present the renormalized density of sta
14430
f
s

-
s-

s-
nt
s

for x50.3 at different temperatures. In the large-polaron f
romagnetic phase,N(v) is given by Eq.~25!, in the small-
polaron paramagnetic phase by Eq.~31!, in the regime of
coexisting phases by the two preceding densities by mean
the Eq. ~18!. We stress thatTc denotes the ferromagneti
transition temperature that coincides with the beginning
formation of large polaron domains. Forx50.3, Tc is about
0.46v0. For low temperatures incoherent processes of p
non creation and annihilation lead to a depression in
t
FIG. 3. The renormalized density of states atx50.3 as a function of the energy~in units of v0) for different temperatures. In the inse
the renormalized density of states atm as a function of the temperature. The results are obtained fort52v0 andg52.8.
2-6
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FIG. 4. The renormalized density of states atT50.39v0 as a function of the energy~in units of v0) for different densities. In the inse
the renormalized density of states in a small range of energy around the chemical potentialm.
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the
density of states around the chemical potentialm. When the
temperature increases, the effect of band renormaliza
driven by e2ST is stronger than this decrease of electro
states atm. Since the density of states is normalized, the
effect is a rise of states atm ~compare graphs atT50.28Tc
andT50.65Tc). However, when the phase separation regi
takes place~starting fromT50.65Tc), the formation of para-
magnetic insulating domains in the metallic backgrou
causes a robust pseudogap in the excitation spectrum.
subtraction of levels belowm is strongly temperature depen
dent and, as we see in the inset of Fig. 3, it finishes atTc .
Therefore the pseudogap features show a direct relation
with the metal-insulator transition and the cohere
incoherent crossover of charge dynamics. AboveTc the den-
sity of states atm is low and with increasing temperature it
nearly constant. It is important to note that these results
compatible with photoemission experiments. Indeed the d
sity of states atm in the inset of Fig. 3 bears a strong rese
blance with the spectral weights reported in Refs. 10, and

Finally it is interesting to study the pseudogap formati
fixing the temperature and varying the hole concentratiox
~see Fig. 4!. At T50.39v0, the system is in the insulatin
paramagnetic phase fromx50 to x50.17, in the regime of
the insulating paramagnetic and metallic ferromagnetic co
isting phases fromx50.17 to x50.33, and in the metallic
ferromagnetic phase fromx50.33. Withx increasing, holes
are added to the system and ferromagnetic large polaron
mains are created yielding pseudogap features. As soo
14430
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the phase separation regime is set up atx50.17~inset of Fig.
4!, electronic levels are occupied in the energy range aro
the chemical potentialm. Thus, the charge carriers prefer
be located in the metallic ferromagnetic domains in order
increase the kinetic energy gain.

III. DAMPING

In this section we deal with the polaron self-energy. Th
quantity allows us to determine the scattering rate of p
ticles affected by lattice distortions and spin fluctuations. T
latter, in turn, will play an essential role in the infrared a
sorption calculations.

Retaining only the dominant autocorrelation terms at
second step of iteration,23–27 we can derive the self-energy

S (2)~k,ivn!5«k1S 1

ND(
k1

S 1

b D(
m

G ~0!~k1 ,ivm!

3E
0

b

dt exp@~ ivn2 ivm!t#@ f 1~t!1 f 2~t!#,

~33!

where«k is given by Eq.~15!, f 1(t) is
2-7
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f 1~t!5Zt2e22STH K S S011/2

2S11 D 2L expH z coshF v̄0S t2
b

2 D G J
2 K S S011/2

2S11 D L 2J ~34!

with

z54g2f 2e24a@N0~N011!#1/2 ~35!

and f 2(t) is

f 2~t!52g2v0
2e4a~12 f !2@N0~N011!#1/2coshF v̄0S t2

b

2 D G .
~36!

Making the analytic continuationivn→v1 id, we can cal-
culate the scattering rate

G~k!5G̃~k,v5jk!522 ImS ret
(2)~k,v5jk!. ~37!

We realize that the dependence ofG(k) on k is due only to
jk . Hence, performing the expansion~23! into the series of
multiphonon processes, we can express the scattering ra
the following way:

G~k!5G~jk!5G1-phon~jk!1Gmulti-phon~jk!

1GSpin-Fluct~jk!, ~38!

whereG1-phon is the contribution due to single-phonon pr
cesses only,

G1-phon~jk!52Zt2e22STK S S011/2

2S11 D 2L I 1~z!

3sinhS bv̄0

2
D g1,l 51~jk!

1g2v0
2e4a~12 f !2g2~jk!, ~39!

Gmulti-phon represents the scattering rate by multiphonon p
cesses,

Gmulti-phon~jk!52Zt2e22STK S S011/2

2S11 D 2L (
l 52

1`

I l~z!

3sinhS bv̄0l

2
D g1,l~jk!, ~40!

and GSpin-Fluct denotes the damping term by spin fluctu
tions,

GSpin-Fluct~jk!5Zt2e22STF I 0~z!K S S011/2

2S11 D 2L
2 K S S011/2

2S11 D L 2GB~jk!. ~41!

Hereg1,l reads
14430
in

-

g1,l~jk!5@N0~ l v̄0!1nF~jk1 l v̄0!#B~jk1 l v̄0!1@N0~ l v̄0!

112nF~jk2 l v̄0!#B~jk2 l v̄0! ~42!

andg2 reads

g2~jk!5@N01nF~jk1v̄0!#B~jk1v̄0!

1@N0112nF~jk2v̄0!#B~jk2v̄0!. ~43!

The functionB(x) is defined as

B~x!52pg~x!, ~44!

whereg(x) is the density of states~16!.
We stress that the decomposition of the scattering rat

three distinct terms has been introduced in order to simp
the analysis of our results. Furthermore, we observe that
scattering rate for small-polaron excitations can be corre
calculated only within a self-consistent treatment.24,25 This
can be carried out substituting in Eq.~33! G (0) for a new
Green’s functionG̃. Using the Lehmann representation w
can write

G̃~k,ivn!5E
2`

1`dv

2p

Ã~k,v!

ivn2v
, ~45!

where the spectral functionÃ is assumed to be

Ã~k,v!5
G~k!

@G~k!#2/41~v2jk!2
. ~46!

So, employing this self-consistent procedure, we get the s
tering rateG (sc)(jk),

G (sc)~jk!5G1-phon
(sc) ~jk!1Gmulti-phon

(sc) ~jk!1GSpin-Fluct
(sc) ~jk!,

~47!

whereG1-phon
(sc) , Gmulti-phon

(sc) andGSpin-Fluct
(sc) are calculated by

Eqs.~39!, ~40!, and~41!, respectively, substituting the func
tion B(x) for B(sc)(x)

B(sc)~x!5S 1

ND(
k1

Ã~k1 ,x!5E
2`

1`

dj1g~j1!Ã~j1 ,x!.

~48!

Since the spectral functionÃ ~46! depends onG, the Eq.~47!
allows to evaluate self-consistently the damping due to
laron formation and spin fluctuations. Clearly, when in t
right-hand side of Eq.~47! the limit G→0 is made, the equa
tion ~38! is obtained.

In Fig. 5~a! we report the scattering rateG of large po-
laron excitations for different temperatures. Because of
augmented number of phonons and the enhanced role of
fluctuations with rising temperature, the quantityG increases.
At low temperatures we notice that the scattering rate is z
for energies withinv0 of the chemical potentialm. This
means that at these temperatures the spin fluctuations ar
feeble to scatter electrons and the main mechanism of en
loss is the emission or the absorption of phonons with f
quencyv0 ~one-phonon processes are prevalent!. Thus the
2-8
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behavior of the scattering rate is explained by the fact t
the quasiparticle excitations withinv0 of the Fermi energy
cannot lose energy because of the Fermi statistics.39

In Fig. 5~b! we concentrate on the components of t
scattering rate at a fixed temperature (T50.65Tc). It is con-
firmed that also at higher temperatures the single-pho
emission and absorption give an important contribution
the quantityG. Nevertheless we stress that the spin fluct
tions are effective to enhance the scattering rate just in
important energy range around the chemical potentialm. Fi-
nally, the multiphonon contribution is dominated by tw
phonon processes and it is negligible.

We stress that for the small-polaron excitations the qu
tity G decreases whenT increases resembling the behavior
te f f . We note, however, that, forT.0.3v0 , G is always
larger thante f f , making clear that the electronic states lo
their individual characteristics and the electron motion
predominantly a diffusive process.

The introduction of the damping allows us to improve t
approximations of calculation for the spectral properties:
deed we can determine the spectral function,

FIG. 5. ~a! The scattering rate~corresponding tot52v0 andg
52.8) at x50.3 as a function of the energy~in units of v0) for
different temperatures.~b! The scattering rate~solid line!, 1-phonon
rate ~dotted line!, spin-fluctuation rate~dashed line!, and mul-
tiphonon rate~dotted-dashed line! at x50.3 andT50.65Tc as a
function of the energy~in units of v0).
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A~k,v!5e2STÃ~k,v!12e2ST(
l 51

1`

I l~s!sinhS b l v̄0

2
D

3S 1

ND(
k1

@N0~ l v̄0!1nF~v1 l v̄0!#Ã~k1 ,v

1 l v̄0!12e2ST(
l 51

1`

I l~s!sinhS b l v̄0

2
D

3S 1

ND(
k1

@N0~ l v̄0!112nF~v2 l v̄0!#Ã~k1 ,v

1 l v̄0!1e2ST@ I 0~s!21#S 1

ND(
k1

Ã~k1,v!.

~49!

In the limit G→0, the result of Eq.~24! is recovered. We
have checked that the quantityG does not change the spe
tral properties in a considerable manner, although it allow
eliminate the delta behavior in the expression~24!.

On the other hand, as mentioned, the damping is esse
for determining the optical properties of the system.

IV. OPTICAL PROPERTIES

In this section we focus our attention on the optical pro
erties.

To determine the linear response to an external field
frequency v, we derive the conductivity tensorsa,b by
means of the Kubo formula

sa,b~v!5S ie2

v D ^T̂a,b&1S i

v DPa,b
ret ~v!, ~50!

whereT̂a,b is the kinetic energy andPa,b
ret (v) is the retarded

current-current correlation function. The transport of ele
trons will be supposed to take place between the equiva
NN sites of the cubic lattice, hence the tensorsa,b is as-
sumed to be diagonal with mutually equal elementssa,a . To
calculate the infrared absorption, we need only the real p
of the conductivity,

Resa,a~v!52
Im Pa,a

ret ~v!

v
. ~51!

Therefore our problem reduces to evaluating the curre
current correlation function that in Matsubara frequencies
defined as

Pa,a~ ivn!5S 2
1

ND E
0

b

dteivnt^Tt j a
†~t! j a~0!&, ~52!

where the current operatorj a suitable for the Hamiltonian
~1! is

j a5 i te(
i ,d

S S0
i 1dâ,i11/2

2S11
D ci 1dâ

†
ci ~53!
2-9
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and j a
†(t)5eHt j a

†e2Ht. Performing the two canonical trans
formations~2!,~3! and making the decoupling of the correl
tion function ~52! in the electron, phonon, and spin term
through the introduction ofHtest ~9!, we get

Pa,a~ ivn!5e2t2S 2
1

ND(
i ,d

(
i 8,d8

~d•d8!

3E
0

b

dteivntD~ i ,i 8,d,d8!

3^Ttc̄i
†~t!c̄i 1dâ~t!ci 81d8â

†
ci 8& t , ~54!

where the functionD,

D~ i ,i 8,d,d8!5F~ i ,i 8,d,d8!Y~ i ,i 8,d,d8!, ~55!

denotes the product of the phonon correlation functionF,

F~ i ,i 8,d,d8!5^TtX̄i
†~t!X̄i 1dâ~t!Xi 81d8â

†
Xi 8& t ~56!

times the spin correlation functionY,

Y~ i ,i 8,d,d8!5K S S0
i ,i 1dâ11/2

2S11
D S S0

i 81d8â,i 811/2

2S11
D L

t

.

~57!

We calculate the electron correlation function

^Ttc̄i
†~t!c̄i 1dâ~t!ci 81d8â

†
ci 8& t

5S 2
1

N2D (k,k1

exp@ ik•Rie2 ik1•~Ri1dâ!#

3exp@ ik1•(Ri 81d8â)#

3e2 ik•Ri 8G (0)~k,2t!G (0)~k1 ,t! ~58!

and we separateD into two terms,

D~ i ,i 8,d,d8!5F~ i ,i 8,d,d8!Y~ i ,i 8,d,d8!

5@^Xi
†Xi 1dâ& t#

2K S S0
i ,i 1dâ11/2

2S11
D L

t

2

1H F~ i ,i 8,d,d8!Y~ i ,i 8,d,d8!

2@^Xi
†Xi 1dâ& t#

2K S S0
i ,i 1dâ11/2

2S11
D L

t

2J ,

~59!

hence
14430
D~ i ,i 8,d,d8!5e22STK S S011/2

2S11 D L 2

1FF~ i ,i 8,d,d8!Y~ i ,i 8,d,d8!

2e22STK S S011/2

2S11 D L 2G . ~60!

To derive the optical properties, the role of the dampingG
of the particle motion is fundamental. Furthermore, the
fect scattering rateG0 is added to the quantityG calculated in
the previous section. This scattering rateG0 is assumed to be
a small perturbation, thus it has been fixed equal to 0.1v0.
The effect of the damping can enter our calculation sub
tuting in Eq.~58! G (0) for G̃ given by Eq.~45!.

Considering the two terms of Eq.~60!, the correlation
function can be written as

Pa,a~ ivn!5Pa,a
(1) ~ ivn!1Pa,a

(2) ~ ivn!. ~61!

The first term reads

Pa,a
(1) ~ ivn!54e2t2e22STK S S011/2

2S11 D L 2S 1

ND(
k

sin2~ka!

3E
0

b

dteivntG̃~k,2t!G̃~k,t! ~62!

and the second one is obtained retaining only the main a
correlation termi 5 i 8 andd5d8,

Pa,a
(2) ~ ivn!5S 2e2

Z D K S S011/2

2S11 D L 2S 1

N2D
3(

k,k1
E

0

b

dteivntG̃~k,2t!G̃~k1 ,t! f 1~t!,

~63!

where f 1(t) is given by Eq.~34!. We stress that substitutin
G (0) for G̃ is necessary to have a nonvanishingPa,a

(1) ( ivn).
We perform the analytic continuationivn→v1 id, and,
clearly, the conductivity can be expressed as sum of
terms,

Resa,a~v!52
Im@Pa,a

ret(1)~v!1Pa,a
ret(2)~v!#

v

5Resa,a
(band)~v!1Resa,a

( incoh)~v!. ~64!

The first term Resa,a
(band) represents the band conductivit

Here the charge transfer is affected by the damping du
interactions with the lattice and spin fluctuations, but it is n
accompanied by processes changing the number of phon
On the other hand, the second term Resa,a

( incoh) in Eq. ~64!
derives from inelastic scattering processes of emission
absorption of phonons and it is marked by the apex ‘‘inc
herent’’ since the particles lose their phase coherence
2-10
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cause of this phonon-assisted hopping. As in the spec
properties, we stress the appearance of two physically
tinct contributions.

In appendix we report the details of calculation for t
optical conductivity. The band conductivity is derived as

Resa,a
(band)~v!5S 4e2t2

v De22STK S S011/2

2S11 D L 2

3E
2`

1`

dj@nF~j2v!2nF~j!#C̃~j,v!h~j!,

~65!

whereC̃(j,v) is

C̃~j,v!5
G~j!

G2~j!1v2
~66!

andh(j) reads

h~j!5S 1

ND(
k

sin2~ka!d~j2jk!. ~67!

The latter term of the conductivity becomes

Resa,a
( incoh)~v!5S 2e2t2

v De22STK S S011/2

2S11 D 2L
3E

2`

1`

djE
2`

1`

dj1g~j!g~j1!R~j,j1 ,v!

1S 2e2t2

v De22STF I 0~z!K S S011/2

2S11 D 2L
2 K S S011/2

2S11 D L 2G
3E

2`

1`

djE
2`

1`

dj1g~j!g~j1!@nF~j2v!

2nF~j!#C~j,j1 ,v!, ~68!

where g(j) is the density of states~16! and the function
R(j,j1 ,v) is given by

R~j,j1 ,v!52(
l 51

1`

I l~z!sinhS bv̄0l

2
D @Jl~j,j1 ,v!

1Hl~j,j1 ,v!#. ~69!

We notice thatJl(j,j1 ,v),

Jl~j,j1 ,v!5C~j,j1 ,v1 l v̄0!@nF~j2 l v̄02v!

2nF~j2 l v̄0!#@N0~ l v̄0!1nF~j!#, ~70!

andHl(j,j1 ,v),
14430
al
is-

Hl~j,j1 ,v!5C~j,j1 ,v2 l v̄0!@nF~j1 l v̄02v!

2nF~j1 l v̄0!#@N0~ l v̄0!112nF~j!#,

~71!

describe phonon absorption and emission processes, re
tively.

In the limit of high temperatures (T.0.39v0) and for
small polaron excitations, the incoherent absorption is pre
lent. In this case the conductivity consists of a sum of narr
Lorentzian functions centered on the pointsnv0,
respectively.39,43 We perform an expansion suitable for hig
temperatures and in appendix we derive the approximate
pression of the conductivity,

Resa,a~v!5S e2t2

v D K S S011/2

2S11 D 2LApb

z̄

3H expF2
b

4z̄
~v2 z̄!2G

2expF2
b

4z̄
~v1 z̄!2G J r~12r!, ~72!

wherer is the electron concentration.
We have checked the internal consistency of our appro

by means of the sum rule

E
0

`

dv Resa,a~v!52
p

2
e2^T̂a,a&, ~73!

whereT̂a,a is the component of the kinetic energy. The le
hand side of Eq.~73! is calculated by using the conductivit
spectra, whereas the mean value^T̂a,a& can be evaluated by
performing the two canonical transformations~2!,~3! and
making the decoupling in the electron, phonon, and s
terms through the introduction ofHtest ~9!. We get

^T̂a,a&5
1

3E2`

1`

djg~j!jnF~j! ~74!

realizing that the two sides of Eq.~73! differ by a few per-
cent.

In Fig. 6 we report the calculated conductivity spectra
x50.3 at different temperatures. In the large polaron fer
magnetic phase,s is given by Eq.~64!, in the small polaron
paramagnetic phase by Eq.~72!, in the regime of coexisting
phases by the two preceding conductivities by means of
Eq. ~18!. With rising temperature, a transfer of spectr
weight from low to high energies takes place. The crosso
energy can be estimated aboutvc59v0. When the tempera-
ture increases, the large polaron Drude term makes sm
and atT5Tc the optical response is characterized by t
small-polaron absorption band peaked approximately aro
2g2v0. Thus changes in the quasiparticle excitations of
system are traceable in the optical response that, foT
.Tc , show the opening of an optical gap. At low temper
tures the conductivity shows a clear Drude peak belowv0
2-11
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FIG. 6. The conductivity up to 18v0 at different temperatures. In the inset the conductivity up to 1v0 at different temperatures. Th
conductivities are expressed in units ofe2c/mv0, with c hole concentration andm51/2t, and they are obtained fort52v0 andg52.8.
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and a quiet asymmetric absorption band with a long
above its peak position at higher energies. These two type
optical response are due, respectively, to a coherent mo
and an incoherent absorption band of large polarons. In
inset of Fig. 6 the Drude peak is shown. AsT decreases, the
coherent response increases continuously. We stress tha
results shown in this figure are all consistent with experim
tal spectra.12,13

In Fig. 7 atT50.1Tc the optical conductivity is decom
posed into two components: band~dotted line! and incoher-
ent conductivity~dashed line!. It is worthwhile to notice that
the band conductivity provides also the main contribution
the polaronic absorption band. In the inset of Fig. 7
Drude term is fully shown. At low temperatures it can
obtained by means of the equation

ResDrude~v!5A
G~m!

G2~m!1v2
, ~75!

whereA is a proportionality constant andG(m) is the scat-
tering rate of the preceding section calculated atm. This inset
emphasizes the spectral weight of the absorption band t
14430
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In order to be more quantitative in the comparison w
experimental data, we have evaluated the effective car
number below the crossover energyvc ,

Ne f f~v!5
2me

pe2NMn
E

0

vc
dv Resa,a~v!, ~76!

that is proportional to the spectral weight below this cut
energy @see Fig. 8~a!#. In Eq. ~76! me is the free electron
mass,e is the electron charge, andNMn is the number of Mn
atoms per unit volume. AsT increases,Ne f f decreases as
suming a nearly constant value forT.Tc . We stress that the
calculated quantity~circles! agrees with the experimental e
fective carrier number deduced by Refs. 12,13 and repo
in the same figure~diamonds!. We note that the agreemen
gets worse forT.Tc . Indeed, within this temperature rang
in addition to the small-polaron band, other terms, such
interband transitions between the exchange-split conduc
bands,28 could contribute to the optical absorption.

We have also estimated the quantity^v& ~the first mo-
ment!,
2-12
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FIG. 7. The conductivity~solid line!, the band conductivity~dotted line!, and the ‘‘incoherent’’ conductivity~dashed line! at T50.1Tc in
units ofe2c/mv0, wherec is the hole concentration andm51/2t. In the inset the conductivity~solid line! and the Drude term~dotted line!
at T50.1Tc in the same units of the figure.
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^v&5

E
0

`

dvv Resa,a~v!

E
0

`

dv Resa,a~v!

, ~77!

as a function of the temperature@see Fig. 8~b!#. It measures
the characteristic energy of the polaron excitations.44 Thus
^v& assumes small values in the large-polaron phase at
temperatures and increases gradually in the phase sepa
regime tending to the valueg2v0 in the small-polaron phas
at high temperatures.

Finally in Fig. 9 we plot the resistivityr51/s, wheres
results from the conductivitys(v) in the limit v→0. We
obtain a further confirmation of two different behaviors: m
tallic (dr/dT.0) and insulating (dr/dT,0). In logarith-
mic scale the behavior of activated resistivity45 for T.Tc is
emphasized.

V. SUMMARY AND CONCLUSIONS

We have discussed spectral and optical properties ma
for x50.3 and as functions of the temperature. The pola
formation and the small-to-large polaron crossover throu
the phase separation regime turn out to play a crucial rol
understanding the properties of manganites.
14430
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It has been stressed that the phase separation regim
duces a robust pseudogap in the excitation spectrum of
system. Furthermore, the pseudogap features show a d
relationship with the metal-insulator transition and with t
crossover from the coherent large-polaron dynamics to
incoherent small-polaron one. Our results turn out to be co
patible with the spectral weights found experimentally.10,11

With regard to the infrared absorption, we have observ
that, with decreasingT, our optical spectra are characterize
by a transfer of spectral weight from high to low energi
filling up the low-frequency optical gap present in the hig
temperature phase.

In the metallic ferromagnetic phase, at low temperatur
the system shows two types of optical response: a nar
Drude term and a broad absorption band due respective
the coherent and incoherent motion of large polarons. Th
results obtained at lowT are consistent with experimenta
conductivity spectra.12,13,28The agreement improves when
temperature-independent part is extracted from the exp
mental optical spectra.28,46 This part is considered to be du
to the ‘‘background’’ interband transitions between the Op
and Mn 3d band. The reduced optical conductivity obtain
by subtracting the temperature-independent term28 points out
that the broad band at lowT is very similar to that shown in
this paper. We also stress that orbital degrees of freed
could be responsible for the effect of enhancing the incoh
2-13
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ent absorption.47,48 On the other hand, we observe that ele
tronic correlations can change the spectral properties bu
somehow obscured in the optical conductivity within the f
romagnetic metallic phase.49

At high temperatures, the infrared absorption is due to
incoherent small-polaron motion. Spectroscopic evidence

FIG. 8. ~a! The effective carrier number~circles! below the
crossover energyvc compared to the experimental effective carr
number deduced by Refs. 12,13 as a function of the temperature~b!
The first moment~in units of v0) as a function of the temperature
The results are obtained fort52v0 and g52.8, in the case~a!
specifyingv0550 meV and the lattice constanta50.4 nm.
14430
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the small-polaron formation have been reported in the hi
T paramagnetic phase.14,15 However for frequencies highe
than the peak of small-polaron absorption band, the effe
due to the exchange-split bands and to the local Coulo
repulsion cannot be neglected.50 Indeed the experimenta
data can be fitted reasonably well with the small-polar
band below 0.8 eV.12 Thus we can consider our results mea
ingful for frequencies up to the absorption peak.
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APPENDIX

In this appendix we report on the calculations leading
the expressions of the optical conductivity

Resa,a~v!5Resa,a
~band!~v!1Resa,a

( incoh)~v!. ~A1!

This decomposition originates from the current-current c
relation function that in Matsubara frequencies can be w
ten as

Pa,a~ ivn!5Pa,a
(1) ~ ivn!1Pa,a

(2) ~ ivn!, ~A2!

where the first term is

Pa,a
(1) ~ ivn!54e2t2e22STK S S011/2

2S11 D L 2S 1

ND
3(

k
sin2~ka!E

0

b

dteivntG̃~k,2t!G̃~k,t!

~A3!

and the second one reads
e
FIG. 9. The resistivity as a function of th
temperature~we have usedv0550 meV and the
lattice constanta50.4 nm).
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Pa,a
(2) ~ ivn!5S 2e2

Z D K S S011/2

2S11 D L 2S 1

N2D
3(

k,k1
E

0

b

dteivntG̃~k,2t!G̃~k1 ,t! f 1~t!

~A4!

with f 1(t) given by Eq.~34!. Adopting the Lehmann repre
sentation, the spectral functionÃ(k,v) can be introduced
therefore, making the analytic continuationivn→v1 id, the
band conductivity becomes

Resa,a
~band)~v!52

Im Pa,a
(1)ret~v!

v

5S 4e2t2

v De22STK S S011/2

2S11 D L 2S 1

ND
3(

k
sin2~ka!D̃~k!, ~A5!

whereD̃(k)5D(k,k) with

D~k,k1!5E
2`

1`dv8

4p
Ã~k,v8!Ã~k1 ,v82v!

3@nF~v82v!2nF~v8!#. ~A6!

We also derive the latter term of the conductivity,

Resa,a
( incoh)~v!52

Im Pa,a
(2)ret~v!

v

5S 2e2t2

v De22STK S S011/2

2S11 D 2L
3S 1

N2D (k,k1

f ~k,k1!1S 2e2t2

v De22ST

3F I 0~z!K S S011/2

2S11 D 2L 2 K S S011/2

2S11 D L 2G
3S 1

N2D (k,k1

D~k,k1!, ~A7!

where

f ~k,k1!52(
l 51

1`

I l~z!sinhS bv̄0l

2
D @Jl~k,k1 ,v!1Hl~k,k1 ,v!#

~A8!

with

Jl~k,k1 ,v!5E
2`

1`dv8

4p
Ã~k,v8!Ã~k1 ,v82 l v̄02v!

3@nF~v82 l v̄02v!2nF~v82 l v̄0!#

3@N0~ l v̄0!1nF~v8!# ~A9!
14430
and

Hl~k,k1 ,v!5E
2`

1`dv8

4p
Ã~k,v8!Ã~k1 ,v81 l v̄02v!

3@nF~v81 l v̄02v!2nF~v81 l v̄0!#

3@N0~ l v̄0!112nF~v8!#. ~A10!

We observe thatJl(k,k1 ,v) and Hl(k,k1 ,v) describe pho-
non absorption and emission processes, respectively. U
the convolution product of Lorentzian functions, the ba
conductivity becomes

Resa,a
(band)~v!5S 4e2t2

v De22STK S S011/2

2S11 D L 2

3E
2`

1`

dj@nF~j2v!2nF~j!#C̃~j,v!h~j!,

~A11!

whereC̃(j,v)5C(j,j,v) with

C~j,j1 ,x!5E
2`

1`dv8

4p
Ã~j,v8!Ã~j1 ,v82x!

5
1

2

@G~j!1G~j1!#

@G~j!1G~j1!#2/41~j12j1x!2

~A12!

and

h~j!5S 1

ND(
k

sin2~ka!d~j2jk!. ~A13!

Sincec(y), the Fourier transform ofh(j), is calculated as

c~y!5E
2`

1`

dj eiyjh~j!5
@J0~2yte f f!#

2J1~2yte f f!

2yte f f
,

~A14!

we can expressh(j) in the following manner

h~j!5
1

2pte f f
E

2`

1`

dy cosS j

2te f f
D @J0~y!#2J1~y!

y
.

~A15!

On the other hand, the latter part of the conductivity read

Resa,a
( incoh)~v!5S 2e2t2

v De22STK S S011/2

2S11 D 2L
3E

2`

1`

djE
2`

1`

dj1g~j!g~j1!R~j,j1 ,v!

1S 2e2t2

v De22STF I 0~z!K S S011/2

2S11 D 2L
2 K S S011/2

2S11 D L 2G
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3E
2`

1`

djE
2`

1`

dj1g~j!g~j1!@nF~j2v!2nF~j!#C~j,j1 ,v!,

~A16!

where g(j) is the density of states~16! and the function
R(j,j1 ,v) is given by

R~j,j1 ,v!52(
l 51

1`

I l~z!sinhS bv̄0l

2
D @Jl~j,j1 ,v!

1Hl~j,j1 ,v!# ~A17!

with

Jl~j,j1 ,v!5C~j,j1 ,v1 l v̄0!@nF~j2 l v̄02v!

2nF~j2 l v̄0!#@N0~ l v̄0!1nF~j!#

~A18!

and

Hl~j,j1 ,v!5C~j,j1 ,v2 l v̄0!@nF~j1 l v̄02v!

2nF~j1 l v̄0!#@N0~ l v̄0!112nF~j!#.

~A19!

In the limit of high temperatures, we concentrate onf 1(t)
of Eq. ~A4! carrying out the following approximation,

e22STexpH z coshF v̄0S t2
b

2 D G J .exp~2 z̄t!expS z̄

b
t2D ,

~A20!

where
sh

tt.
,

re

.

s.

N

nd
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z̄52s̄.2g2v0 . ~A21!

This expansion is valid as long as (b z̄/12)(bv̄0/4)2,1,
henceT.0.39v0. The response of the small-polaron excit
tions is characterized by the incoherent behavior, there
the conductivity becomes

Resa,a~v!5S e2t2

v D K S S011/2

2S11 D 2LApb

z̄
S 1

N2D
3(

k,k1

E
2`

1`dv8

2p E
2`

1`dv9

2p
Ã~k,v8!Ã~k1 ,v9!

3@12nF~v9!#nF~v8!H expF2
b

4z̄
~v1v8

2v92 z̄!2G2expF2
b

4z̄
~v1v82v91 z̄!2G J .

~A22!

We considerjk.2g2v02m obtaining

Resa,a~v!5S e2t2

v D K S S011/2

2S11 D 2LApb

z̄
H expF2

b

4z̄
~v

2 z̄!2G2expF2
b

4z̄
~v1 z̄!2G J r~12r!,

~A23!

wherer is the electron concentration.
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