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Magnetic polarons in the one-dimensional ferromagnetic Kondo model

Winfried Koller,* Alexander Pru¨ll, Hans Gerd Evertz, and Wolfgang von der Linden
Institut für Theoretische Physik, Technische Universita¨t Graz, Petersgasse 16, A-8010 Graz, Austria

~Received 23 January 2003; published 22 May 2003!

The ferromagnetic Kondo model with classical corespins is studied via unbiased Monte Carlo simulations.
We show that with realistic parameters for the manganites and at low temperatures, the double-exchange
mechanism does not lead to phase separation in one-dimensional chains but rather stabilizes individual ferro-
magnetic polarons. Within the ferromagnetic polaron picture, the pseudogap in the one-particle spectral func-
tion Ak(v) can easily be explained. Ferromagnetic polarons also clear up a seeming failure of the double-
exchange mechanism in explaining the comparable bandwidths in the ferromagnetic and paramagnetic phase.
For our analysis, we extend a simplified model, the finite-temperature uniform hopping approach~UHA!, to
include polarons. It can easily be evaluated numerically and provides a simple quantitative understanding of
the physical features of the ferromagnetic Kondo model.
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I. INTRODUCTION

Manganese oxides such as La12xSrxMnO3 and
La12xCaxMnO3 have been attracting considerable attent
since the discovery of colossal magnetoresistance~CMR!.1,2

These materials crystalize in the perovskite-type lattice st
ture where the crystal field breaks the symmetry of
atomic wave function of the manganesed electrons. The en-
ergetically lowert2g levels are occupied by three localize
electrons. Due to a strong Hund coupling their spins
aligned, forming a localized corespin withS53/2. The elec-
tron configuration of the Mn31 ions is t2g

3 eg
1 , whereas for

Mn41 ions theeg electron is missing. Due to a hybridizatio
of the eg wave function with the oxygen 2p orbitals, theeg

electrons are itinerant and can move from an Mn31 ion to a
neighboring Mn41 via a bridging O22. The interplay of vari-
ous physical ingredients such as the strong Hund coup
(JH) of the itinerant electrons to localized corespins, Co
lomb correlations, and electron-phonon coupling leads t
rich phase diagram including antiferromagnetic insulati
ferromagnetic metallic, and charge ordered domains. The
namics of the charge carriers moving in the spin and orb
background shows remarkable dynamical features.3,4

Since full many-body calculations for a realistic mod
including all degrees of freedom, are not possible yet, sev
approximate studies of simplified models have been p
formed in order to unravel individual pieces of the rich pha
diagram of the manganites. The electronic degrees of f
dom are generally treated by a Kondo lattice model which
the strong Hund coupling limit, is commonly referred to
the double-exchange~DE! model, a term introduced by
Zener.5 In addition, the correlation of the itineranteg elec-
trons is well described by a nearest neighbor~nn! Coulomb
interaction. The on-site Hubbard term merely renormali
the already strong Hund coupling. For the Kondo model w
quantum spins it is still impossible to derive rigorous n
merical or analytical results. If theS53/2 corespins are
treated classically, however, the model can be treated by
biased Monte-Carlo~MC! techniques. The impact of quan
tum spins on the electronic properties has been studie
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Refs. 6–8. It appears that quantum effects are important
(S51/2) corespins or atT50. For finite temperature and
S53/2, classical spins present a reasonable approximati

Elaborate MC simulations for the ferromagnetic~FM!
Kondo model with classicalt2g corespins have been pe
formed by Yunoki and co-workers,9–11 Yi et al.,12 and Fu-
rukawa and co-worker.13,14 Static and dynamical propertie
of the model have been determined. These studies reve
features~discontinuity of the mean electron density as
function of the chemical potential, infinite compressibilit!
which have been interpreted as signatures of phase se
tion ~PS!. PS has also been reported15 from computations
based on a dynamical mean field treatment of the DE mo
at T50. A phase diagram and critical exponents of the D
model have been determined with a hybrid M
algorithm.16,17

In the manganites, the Hund couplingJH is much stronger
than the kinetic energy. Consequently, configurations
very unlikely in which the electronic spin is antiparallel
the local corespin. The present authors have proposed
effective spinless fermion~ESF! model18 that takes effects of
antiparallel spin configurations into account via virtual ex
tations. It has been demonstrated that the results of the
model are in excellent agreement with those of the origi
Kondo model even for moderate values ofJH . This applies
also to features which have been previously interpreted
signatures of PS.11 Taking Coulomb interactions into ac
count, PS has been argued to lead to either small19 or large20

~nanoscale! clusters, which have been the basis for a poss
though controversial6 explanation of CMR.21,22 Moreover,
lattice distortions23,24 are believed to play a crucial role fo
the CMR effect6,25 and should also be included in the mode

In this paper, we present a numerical and analytical st
of the one-dimensional~1D! ferromagnetic Kondo mode
with classical corespins. We find that the correct physi
interpretation of the features which have been interpreted
PS in the one-dimensional model is, rather, given by fer
magnetic polarons, i.e., small FM regions withone single
trapped charge carrier. This is compatible with exa
diagonalization results for small clusters3,26,27 and density-
matrix renormalization group~DMRG! studies28 for quantum
©2003 The American Physical Society18-1
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S51/2 corespins atT50. The polaron picture even applie
without nn Coulomb repulsion invoked in Refs 19 and 20

Energetically, in one dimension there is no significant d
ference between polarons, bipolarons, or even charge a
mulations in the PS sense. It is, rather, the entropy wh
even near zero temperature, clearly favors polarons. The
laron picture allows also a straightforward and obvious
planation of the pseudogap, which has been previously
served in the spectral density.18,21,29,30

In a previous paper18 we introduced the uniform hoppin
approximation~UHA!, which replaces the influence of th
random corespins on theeg electron dynamics by an effec
tive uniform hopping process. Essential physical features
the original model could be described even quantitatively
UHA, while the configuration space, and hence the num
cal effort, was reduced by several orders of magnitude.
sides the numerical advantage, UHA also allows the der
tion of analytical results in some limiting cases atT50.

In Ref. 31 we have extended UHA to finite temperatu
by allowing for thermal fluctuations of the uniform hoppin
parameter. By taking into account the density of cores
states, it is possible to calculate thermodynamic quantitie
one- and three-dimensional systems in the UHA. The r
ability of this finite-temperature UHA has been scrutiniz
by a detailed comparison of the results for various proper
of the ferromagnetic Kondo model with unbiased MC da
in 1D.

Here, we will generalize UHA to regimes, where a sing
hopping parameter is not sufficient to describe the physic
the FM Kondo model. Particularly near half filling, a typic
corespin configuration shows small ferromagnetic doma
~polarons! immerged in an antiferromagnetic backgroun
Therefore, two different UHA parameters are necessary
model the impact of the fluctuating corespins on theeg elec-
tron dynamics.

This paper is organized as follows. In Sec. II the mo
Hamiltonian is presented and particularities of the MC sim
lation for the present model are outlined. The general disc
sion of ferromagnetic polarons near half filling is presen
in Sec. III. Section IV develops a generalization of the u
form hopping approach in order to treat FM polarons. P
laronic features in the spectral density are analyzed. The
results of the paper are summarized in Sec. V.

II. MODEL HAMILTONIAN
AND UNBIASED MONTE CARLO

In this paper, we will concentrate solely on properties
the itineranteg electrons interacting with thelocal t2g core-
spins. We also neglect the degeneracy of theeg orbitals. The
degrees of freedom of theeg electrons are then described b
a single-orbital Kondo lattice model.31 As proposed by de
Gennes,32 Dagottoet al.,9,21 and Furukawa,13 the t2g spinsSi
are treated classically, which is equivalent to the limitS
→`. The spin degrees of freedom (S) are thus replaced by
unit vectorsSi , parametrized by polar and azimuthal ang
u i and f i , respectively. The magnitude of both coresp
andeg spins is absorbed into the exchange couplings.
17441
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A. Effective spinless fermions

It is expedient to use the individualt2g spin directionSi as
the local quantization axis for the spin of the itineranteg
electrons at the respective sites. This representation is
ticularly useful for theJH→` limit, but also for the projec-
tion technique, which takes into account virtual processes
finite Hund coupling. As described in Ref. 18, the energe
cally unfavorable states witheg electrons antiparallel to the
local t2g corespins can be integrated out. This yields the
effective spinless fermion model~ESF!

Ĥ52(
^ i , j &

t i , j
↑↑ci

†cj2(
i , j

t i , j
↑↓t j ,i

↓↑

2JH
ci

†ci1J8(
^ i , j &

Si•Sj . ~1!

The spinless fermion operatorscj correspond to spin-up elec
trons ~relative to thelocal corespin orientation! only. The
spin index has, therefore, been omitted. With respect t
global spin-quantization axis the ESF model~1! still contains
contributions from both spin-up and spin-down electrons

The first term in Eq.~1! corresponds to the kinetic energ
in tight-binding approximation. The modified hopping int

grals t i , j
s,s8 depend upon thet2g corespin orientation

t i , j
s,s85t0ui , j

s,s8 , ~2!

where the relative orientation of thet2g corespins at sitei and
j enters via

ui , j
s,s~S!5cos~q i j /2!eic i j ,

ui , j
s,2s~S!5sin~q i j /2!eix i j . ~3!

These factors depend on the relative angleq i j of corespinsSi
andSj and on some complex phasesc i j andx i j .

The second term in Eq.~1! accounts for virtual hopping
processes to antiparallel spin–corespin configurations
vanishes in the limitJH→`. The last term is a small anti
ferromagnetic exchange of the corespins.

It should be noted that the unitary transformation to t
local spin quantization axis is not unique. This fact can
exploited to eliminate the phase factorsc i j in one dimension.
Then the nn hopping integrals are simply given by the re
numbers cos(qij /2).

B. Grand canonical treatment

We define the grand canonical partition function as

Z5E D@S# trce
2b[ Ĥ(S)2mN̂] ,

E D@S#5)
i 51

L S E
0

p

du isinu iE
0

2p

df i D , ~4!

where trc indicates the trace over fermionic degrees of fre
dom at inverse temperatureb, N̂ is the operator for the tota
number ofeg electrons, andm stands for the chemical po
tential. Upon integrating out the fermionic degrees of fre
dom, we obtain the statistical weight of a corespin config
ration S that can be written as
8-2
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MAGNETIC POLARONS IN THE ONE-DIMENSIONAL . . . PHYSICAL REVIEW B 67, 174418 ~2003!
w~S!5
trce

2b[ Ĥ(S)2mN̂]

Z . ~5!

Equation~4! is the starting point of Monte Carlo simula
tions of the Kondo model9 where the sum over the classic
spins is performed via importance sampling. The spin c
figurationsS enter the Markov chain according to the weig
factorw(S) that is computed via exact diagonalization of t
corresponding one-particle Hamiltonian in Eq.~1!. In the 1D
case we have performed MC simulations in which spins
domains of random lengths were rotated. We have perform
MC runs with 2000 measurements. The skip between su
quent measurements was chosen to be some hundreds o
tice sweeps reducing autocorrelations to a negligible lev

As previously shown,31 the spin-integrated one-particl
Green’s function can be written as

(
s

^^ais ;aj s
† &&v5E D@S#w~S!uji

↑↑~S!^^ci ;cj
†&&v

S , ~6!

where^^ci ;cj
†&&v

S is the Green’s function in local spin quan
tization. It can be expressed in terms of the one-particle
genvaluese (l) and the corresponding eigenvectorsuc (l)& of
the HamiltonianĤ(S):

^^ci ;cj
†&&v

S5(
l

c (l)~ i !c* (l)~ j !

v2@e (l)2m#1 i01
.

It should be pointed out that the one-particle density of sta
~DOS! is independent of the choice of the spin quantizati

C. Uniform hopping approach

The integral over the corespin states in the partition fun
tion ~4! can be evaluated approximatively by resorting to
UHA.31 The key idea is to replace the impact of the loca
fluctuating corespins on the hopping amplitudes by som
global average quantityu. Then the Hamiltonian merely de
pends on one parameter, namelyu, and the partition function
can be written as the one-dimensional integral

Z5E
0

1

duG~u!trce
2b[ Ĥ(u)2mN̂] .

The density of corespin statesG(u) can be obtained numeri-
cally for 3D systems and analytically for 1D systems.

Obviously, this simplification assumes a uniform mediu
In order to cope with magnetic polarons, the UHA has to
generalized andG(u) should be replaced by a two-parame
density G(uf ,ua), whereuf(ua) denotes the average hop
ping within the~anti!ferromagnetic domains. The details an
results of such a generalization are the contents of Sec.

III. FERROMAGNETIC POLARONS

Near half filling of a singleeg band, a tendency toward
phase separation has been observed in various studies.
been claimed that the system separates into FM domain
high carrier concentration and antiferromagnetic~AFM! do-
mains of low carrier concentration. In the following we sho
17441
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that a different picture rationalizes the 1D Monte Carlo
sults in the rangen'0.7–1.0.

We show that ferromagnetic polarons, i.e.,single charge
carriers surrounded by small ferromagnetic spin clouds,
formed when holes are doped into the half filledeg band. In
order to model such a polaron in a one-dimensional syst
we takeL f adjacent lattices sites to be in ferromagnetic ord
and useGL2L f

(u) to account for the degeneracy of the r
maining spins.

First, we estimate the sizeL f of the FM polaron34 using a
simple polaron picture. In this view the hole is confined in
perfectly FM domain consisting ofL f lattice sites and out-
side the domain the system is in perfect AFM order~see Fig.
1!. The tight-binding energies in a potential well~FM do-
main! with infinite barrier height are

en522 cosS np

L f11D , n51, . . . ,L f . ~7!

The energy difference between~a! a one-polaron state with
perfect FM spins within the polaron and perfect AFM ord
outside and~b! perfectly antiferromagnetically orderedt2g
spins is given by

Dep522 cosS p

L f11D12Jeff~L f21!,

where the first term accounts for the kinetic~delocalization!
energy of the hole in the potential well and the second te
describes the energy deficiency due toL f21 ferromagnetic
bonds. We have introduced the effective antiferromagn
couplingJeff , given by

Jeff5J811/~2JH!

near n'1 ~see Ref. 18!. For typical valuesJH56 and J8
50.02 we haveJeff'0.1. Upon minimizingDep with re-
spect toL f , we obtain the optimal size of the polaron, whic
in the present case lies betweenL f53 andL f54. If the FM
domain containsN.1 charge carriers, the energy differen
is simply

Dep~N!522(
n51

N

cosS np

L f11D12Jeff~L f21!.

FIG. 1. Idealized spin and hole-density configuration in a
Kondo chain at the critical chemical potentialm* . A FM domain of
L f54 lattice sites is embedded in an AFM background. A sin
hole is localized in the FM domain giving rise to the depicted h
density~different from the schematic shape in Fig 4 of Ref. 33!.
8-3
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For N52, the optimum bipolaron size isL f.7 and it in-
creases toL f.10 for N53 charge carriers.

Next we estimate the chemical potentialm* , at which
holes start to populate the polaron states. Apart from
energy of the antiferromagnetict2g spins, the total energy~at
T50) of the filled eg band is given in the grand canonic
ensemble by2m* L. By equating this energy to the tota
energy of the polaron we have

2m* L52m* ~L21!1Dep~1!,

which yields the desired chemical potential

m* 52Dep~1!52 cosS p

L f11D22Jeff~L f21!.

The critical chemical potential is depicted in Fig. 2. Simil
considerations yield thatm* also approximately presents th
limiting chemical potential between the filled antiferroma
netic band and a state with several single FM polarons, p
vided the polaron density is low, i.e., as long as we have
antiferromagnetic background. Consequently, at the chem
potential m* the electron density is not fixed. The ener
gain Dep exactly balances the loss of the chemical poten
2m* . This implies that the electron density has a discon
nuity atm* , i.e., the compressibility of the electrons diverg
which has been previously interpreted as a consequenc
PS tendencies@see Fig. 3~a! in Ref. 20 and Ref. 13#.

If we repeat the considerations for bipolarons with t
respective optimized size (L f.7 for the standard paramete
set!, we find a critical chemical potential, also depicted
Fig. 2, which is very close to that of polarons. If we proce
to tripolarons we find again a similarm* . As can be seen in
Fig. 2, the chemical potentialm* virtually coincides with the
chemical potentialmc of the ‘‘phase separation’’ obtained i
Ref. 18. This potential was calculated as the point of co
istence of FM and AFM order in a homogeneous system
view of the rather rough estimate ofm* we conclude that
polarons, bipolarons, up to phase separated FM regions
energetically comparable as long as the size of the FM
mains is optimally adapted. ForJeff*0.12, which is compa-

FIG. 2. Critical chemical potentialumcu of the homogeneous
model~solid line! from Ref. 18 as compared to the chemical pote
tial m* at which polarons~dash dotted! and bipolarons~dashed!
start to enter the Kondo chain.
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rable with the antiferromagnetic exchange in manganites,
dividual polarons are energetically favored.

The same analysis can be carried out in the high
dimensional case. The main finding is that the crosso
from PS to FM polarons shifts to lower values ofJeff . In two
and three dimensions, FM polarons are energetically favo
for Jeff larger than 0.078 and 0.057, respectively. Therefo
for values ofJeff relevant to the manganites, we expect t
stabilization of FM polarons rather than PS.

Moreover, FM polarons have a much higher entropy th
the other objects. They are thus thermodynamically favor
even if their state is energetically disadvantageous. AtTÞ0
the domains are not completely~anti!ferromagnetically
aligned, which further reduces the energy differences
tween polaron and bipolaron/phase-separated states co
erably. In a 1D chain, we therefore find individual polaro
even for values ofJeff,0.12 at very low temperatures. Th
conclusion is corroborated atb550 andJeff.0.10 by the
ensuing analysis of MC simulations.

In order to scrutinize the polaron arguments, we comp
the mean particle numbers for the corespin configuratio
entering the Markov chain of unbiased MC

^N̂&Sª
trc@N̂e2b[ Ĥ(S)2mN̂] #

trc@e2b[ Ĥ(S)2mN̂] #
5 (

n51

L
1

11eb[ en(S)2m]
,

whereen(S) are the eigenvalues ofĤ(S) for the configura-
tion S. As a consequence of the above reasoning we expe
broad distribution of integer-valued particle numbers if t
chemical potential is close tom* . The MC time series for

^N̂&S for a L550 site chain (JH56,J850.02,b550) is
shown in Fig. 3. One time step corresponds to 1000 swe
of the lattice. The inverse temperatureb550 corresponds to
T.50–100 K, i.e., a temperature relevant for experimen

The left-hand panel corresponds to a situation where
chemical potential is far above the critical chemical pote
tial, which has the valuem* .1.02 for the present paramete
set. We see that the band is almost completely filled, w
isolated dots atNe549 corresponding to occasional FM po
larons. Atm* ~central panel!, in agreement with the polaron
picture, we find a broad distribution ofinteger-valuedmean
particle numbers. If the chemical potential is reduced bel
m* , the system becomes ferromagnetic and we find the s
dard result of free electrons with a narrow and continuo
spread in̂ N̂& not restricted to integer values.

Hole-dressed spin-spin correlations provide another pi
of evidence in favor of FM polarons. The bulk of Mont
Carlo snapshots~not shown!, as taken from simulations fo
the FM Kondo model, contains isolated FM polarons of s
L f53 or L f54. Once in a while two of them collide an
form passing bipolarons. The observed fraction of bipolaro
corresponds to a random distribution of polarons.

In order to quantify the information revealed by the M
snapshots, we introduce a modified corespin correlati
function

Sn~ l !5
1

L2 l (
i 51

L2 l

ni
hSi•Si 1 l , ~8!

-

8-4
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FIG. 3. Mean particle numbers
in a grand canonical MC simula
tion (L550, JH56, J850.02,b
550) as a function of MC time.
One time step corresponds t
1000 sweeps of the lattice.~a!
AFM case (m51.22), ~b! polaron
regime (m.m* .1.02), ~c! FM
regime (m50.80).
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which measures the corespin correlations in the vicinity o
charge carrier~hole!. The density operatorni

h for holes at site
i is related to the density operator for electrons viani

h51
2ni . Figure 4 shows the results of an unbiased grand
nonical MC simulation. The observables are evaluated at
ferent subspaces with a fixed particle number. We obse
ferromagnetic correlations that vanish atl 53, corresponding
to a polaron that extends overL f54 lattice sites. It should be
pointed out that the MC result is almost independent of
number of holes in the system. In particular, the data do
indicate any enlargement of the FM domain for a larger nu
ber of holes. This result can only be explained by individu
FM polarons because the size of the FM dom
would strongly increase if there were two or more ho
trapped in it.

The inset of Fig. 4 shows the conventional corespin c
relation functionS( l ). We observe the expected antiferr
magnetic correlations, which decrease slightly with incre
ing number of holes.

The result for the modified spin-spin correlation functi
can again be explained qualitatively by the simple pola

FIG. 4. Modified spin-spin correlation function from un
biased MC for an L550-site chain containing one (3),
two (L), three (s), four (v), and five (x) holes. The inset
shows the conventional spin-spin correlation functionS( l )
5@1/(L2 l )#( i 51

L2 lSi•Si 1 l . The dashed line is calculated within th
simple polaron picture, while the solid line represents the gene
ized UHA result for a single polaron. Parameters areb550, J8
50.02, andJH56.
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picture. We consider a single polaron in which one cha
carrier is confined. Let the probability for the hole to be
siten in the FM region bepn , which is roughly given by the
result for a particle in an infinite potential well~see Fig. 1!:
pn}sin2@np/(Lf11)#. The spin correlation is computed a
suming perfect FM order inside the polaron and perfect AF
order outside. The result of this simple idea forL f54 is
shown as the dashed line in Fig. 4. It agrees qualitativ
with the MC data. For a quantitative, but still fairly simp
description, we will now generalize the uniform hopping a
proximation, to allow for FM polarons.

IV. UHA FOR FM POLARONS

In the preceding section we have interpreted the MC d
by using the simplest polaron ideas. In what follows we w
refine our polaron picture by including thermodynamic flu
tuations of the corespins. This is done by a generalization
the finite-temperature UHA introduced in Ref 31.

In the spirit of UHA, the impact of the corespins on th
motion of theeg electrons is now described by two UH
parameters,uf andua , for the FM and AFM region, respec
tively. These two parameters are averages of the hopp
amplitudes in the FM and AFM domains, respectively. Th
distribution is given by a two-parameter density of sta
denoted byGNf ,Na

(uf ,ua).

The size of individual polarons is fixed toL f lattice sites.
It is, however, possible that polarons overlap. The positio
of the polarons are specified by the locations$ i 1 , . . . ,i m% of
their left ends, wherem is the number of FM polaron wells
If polarons overlap, they may form a bipolaron or ev
greater accumulations of holes. The grand canonical parti
function in this generalized UHA reads

Z5(
m

(
$ i 1 , . . . ,i m%

E E
0

1

dufduaGNf ,Na
~uf ,ua!

3trce
2b[ Ĥ(uf ,ua ; i 1 , . . . ,i m)2mN̂] . ~9!

For 1D chains, subject to open boundary condition, the jo
density GNf ,Na

(uf ,ua) depends merely upon the numb

Nf(Na) of bonds in FM~AFM! regions. In higher dimen-

l-
8-5
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sions,GNf ,Na
(uf ,ua) would actually depend upon the loca

tion of the individual polarons. The generalized UHA Ham
tonian reads

Ĥ~uf ,ua ; i 1 , . . . ,i m!

52(̂
i j &

ui j ci
†cj2

z

2JH
(

i
S 12

1

z (
d

ui ,i 1d
2 D ni

1J8(̂
i j &

~2ui j
2 21!, ~10!

whered stands for nn vectors andz denotes the coordinatio
number. The UHA parameterui j are eitheruf or ua , depend-
ing upon the type of magnetic order at the adjacent siti
and j. The integrand of the partition function in Eq.~9! de-
fines the joint thermal probability densityp(uf ,uaub). From
p(uf ,uaub), we estimate mean valuesūf and ūa of uf and
ua of a L520-site chain, reading

ūf50.937, ūa50.31 ~11!

for the standard parameter setJ850.02 andJH56 and b
550. These mean values are independent of the numbe
polarons and their positions as long as the total volume of
polarons is small compared to the system size. In orde
simplify the following discussion, we will replace the the
mal averaging of an observable by the value of that obs
able at ūf ,ūa . For the partition function this yields th
simple form

Z5(
m

(
$ i 1 , . . . ,i m%

trce
2b[ Ĥ(ūf ,ūa ; i 1 , . . . ,i m)2m(L2m)] ,

~12!

where the influence of the thermal fluctuations of t
corespins is contained in the average hopping amplitudeūf

and ūa .
These average hopping amplitudes, however, are not

ficient for the determination of observables that do not
rectly derive from the partition function such as spin-sp
correlations and one-particle spectral functions. In princip
these observables can be calculated in UHA by averag
over a set oftypical thermal corespin configurations$S% ob-
tained in UHA. In order to construct such a set, the azimut
angles are also required, although they do not enter the
ergy and have a flat thermal probability density. The simp
way of constructing typical corespin configurations is
draw azimuthal angles at random. Starting from the refere
spinSn we proceed to the neighboring corespins by addin
random azimuthal anglex to the fixed relative polar angle
Thus we obtain a collection of typical corespin configu
tions $S%.

A. Static correlations

We continue the discussion of the modified spin-spin c
relation functionSn( l ). For a quantitative, but still fairly
simple description, we take the deviations from perfect F
and AFM order into account, while for the hole the appro
17441
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mate probabilitiespn are retained. We employ the mea
UHA parametersūf andūa to describe the relative angles o
neighboring corespins and average over typical corespin c
figurations with random hole positions. A comparison of t
unbiased MC results with those of this approxima
polaron approach, depicted in Fig. 4, reveals an excel
agreement.

Another observable to distinguish between polarons,
polarons, or even phase-separated high density FM clus
is the density-density correlation function

C~ l !ª
1

L2 l (
i 51

L2 l

Š~ni
h2^ni

h&!~ni 1 l
h 2^ni 1 l

h &!‹. ~13!

If holes form independent FM polarons, the correlation fun
tion should be structureless, while if holes gather in one F
regime, the correlation function will exhibit a positive pea
at a typical interparticle distance. In Fig. 5C( l ) is shown for
the two-hole subspace, where only those spin configurat
of the Markov chain are taken into account, for whichNh
.2. The UHA-polaron result is derived as follows. The p
sitions of two FM regions of sizeL f54 are chosen at ran
dom, including overlapping ones. The hopping parame
are ūf(ūa) for FM ~AFM! bonds and the resulting tight
binding model is solved. The lowest two eigenstates w
then be localized in the two FM potential wells. The resu
ing correlation functions are averaged over all possible p
tions of the FM potential wells. We observe a strikingly clo
agreement with the unbiased MC results. Similarly we p
ceed in the bipolaron case, which is characterized by a sin
FM region of optimized size (L f57). Here the two holes
occupy the ground state and first excited state of the
potential well. The resulting correlation function differs dra
tically from the MC data. This discrepancy increases w
increasing hole number, which shows clearly that the phys
of the 1D FM Kondo model is correctly described by sing
hole polarons and not by phase separation.

B. Polaronic features in the spectral density

In this subsection, we compute the spin-integrated sp
tral density

FIG. 5. Density density correlation function forL550,
b550,J850.02,JH56, andNh52. Error bars represent unbiase
MC data, and crosses stand for polaron and circles for bipola
results, respectively, in UHA.
8-6
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FIG. 6. Spectral density of a half-filled Kondo chain with parametersL520, b550,J850.02,JH56, and m51.25. Dashed lines

represent unbiased MC data, solid lines stand for UHA result (ūa50.31). Inset: density of states. The vertical bar indicates the chem
potential. The left~right!-hand panel shows UHA results in local~global! spin quantization. Error bars have been omitted for clarity.
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Ak~v!52
1

p (
s

Im^^aks ;aks
† &&v

for the original DE model by unbiased MC simulations bas
on the expression Eq.~6!. The results will again be analyze
by UHA in the framework of the polaron ansatz. In particu
the pseudogap in the spectral density nearn51, found in the
FM Kondo model,18,33 can readily be explained in the po
laron picture. It is a consequence of the ferromagnetic bo
which the hole moves.

The computation ofAk(v) in UHA is based on the rea
soning that led to the partition function in Eq.~12!. That is,
for each polaron configuration and each value ofūa , eigen-
valuese (l) and eigenvectorsuc (l)& of the respective tight-
binding Hamiltonian are determined, from which the Gree
function

^^ci ;cj
†&&v

ūa ,ūf ,

is determined in local spin quantization. The transformat
to the global spin quantization is given by Eq.~6!:

(
s

^^ais ;aj s
† &&v

S5uj ,i
↑↑~S!^^ci ;cj

†&&v
ūa ,ūf . ~14!

In the framework of UHA the relative angles of neighborin
spins are fixed by the parametersūa and ūf . For a unique
description of the entire spin configuration, however, a
muthal angles are again required. We proceed as in the
cussion corresponding to Eq.~13!, i.e., for fixed parameters
(ūf ,ūa), spin configurations are generated with a flat sa
17441
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pling distribution in azimuthal angles. This is little numeric
effort, as only the prefactorui j

↑↑(S) is affected.
In the transition region (m.m* ), the number of polaron

wells is not well defined, as pointed out in conjunction wi
Fig. 3. In order to obtain a detailed understanding we co
pare unbiased MC data and results of the polaron ansa
the subspace of fixed particle~polaron! number.

1. Antiferromagnetism at half filling

We begin the discussion with the spectrum of the AF
state for the completely filled lower Kondo band~no po-
larons!.

The unbiased MC data as shown in Fig. 6 display bro
structures due to incoherent motion of charge carriers i
spin background that exhibits random deviations from p
fect AFM order. The result can be described by the UH
ansatz. For the mean value of the hopping amplitude we h
ūa50.31, which corresponds tôSiSi 11&5cos(q).20.7.
Since there are no holes, and consequently no polarons
UHA parameters are the same for all bonds. The left-ha
panel in Fig. 6 shows the UHA result in local quantizatio
i.e., without the transformation given in Eq.~14!. In local
quantization, the spectral density is simply given by

Ak~v!5d„v22ūacos~k!….

The agreement with the unbiased MC result is rather poo
this stage although the band width is already well appro
mated. In the MC spectra, only very weak remnants of
tight-binding features are visible on top of the incohere
spectrum, which is almostk independent.
8-7
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However, if we take into account the necessary trans
mation Eq.~14! to a global spin quantization, the agreeme
is strikingly close~see right-hand panel!. The quasiparticle
dispersion is strongly smeared out due to the random
muthal angles of the corespins. There are two minor disc
ancies between UHA and unbiased MC. The tight-bind
remnants are more pronounced in UHA, while the MC
sults exhibit a weak structure nearv50, which is due to
random fluctuations in the relative nn angles, resulting
locally trapped electrons. Nonetheless, at half-filling UH
and unbiased MC simulations yield compatible results
the spectral density and the density of states~insets of
Fig. 6!.

2. Ferromagnetic Polarons

Next we consider the case of one hole in the otherw
half-filled Kondo chain. To this end, we investigate the gra
canonical MC data in theNh51 subspace. The respectiv
MC spectrum is shown in Figs. 7 and 8. The main feature
the spectrum is a broad incoherent background, similar to
one found in the AFM case. In addition, two dispersionle
structures are visible atv'61.5. As discussed earlier,18,33a
pseudogap shows up at the chemical potential. We find
an additional~mirror! gap appears at the opposite side of t
spectrum.

Before discussing the UHA result, we want to provide
rough explanation of the MC data in terms of a simple p
laron model. We assume an FM polaron well of sizeL f

54, characterized by a tight-binding hopping parameterūf
embedded in an antiferromagnetic background with hopp
parameterūa . Since the two hopping parameters are ve
different, we treat the various regions as separate chains
neglect their interaction. That is, there is an isolated tig
binding chain of sizeL f corresponding to the FM region, an
one or two chains corresponding to the AFM background
carrier is localized either in the FM or the AFM domain. Th

FIG. 7. Spectral density forNh51 holes~one polaron!. Param-
eters like in Fig. 6, exceptm51.1. Comparison of MC data~gray
scale plot! with results of the simple polaron-well model. Circle
~solid bright lines! stem from states localized in the FM~AFM!

well. Hopping parameters for the polaron-well model areūf

50.937, ūa50.31, andL f54.
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eigenvalues in the FM region,«n
f 522ūfcos(kn

f ), depend on
the momentumkn

f 5np/(L f11) with n51, . . . ,L f . The en-
ergies of states corresponding to different localizations of
FM well ( i 051, . . . ,L2L f) are degenerate. The corre
sponding eigenstates in real space read

c i
(kn ,i 0)

}H sin@~ i 2 i 011!kn#, i 0< i , i 01L f

0, otherwise.

In this simple polaron-well model the expression for that p
of the spectral density in local spin quantization is

Ak
f ~v!} (

n51

L f

(
i 051

L2L f

u^kuc (kn ,i 0)&u2d~v2en
f !

} (
n51

L f

cn~k!d~v2en
f !, ~15!

where uk& stands for the eigenvectors of the homogene
tight-binding model with open boundary condition, i.e
^ j uk&}sin(jk). The coefficientcn(k) as function ofk shows a
broad hump atk.kn . Hence, the contributions of the FM
regions toAk(v) are dispersionless structures at energiesv
5en

f , which are concentrated aboutk5kn
f . These structures

are marked by open circles in the gray scale plot of Fig.
They explain the additional features at the band edges, w
are clearly visible in the spectral density in addition to t
broad incoherent background. The latter is due to the mo
of the hole in the AFM regions. Since the AFM regions a
much larger than the FM well, a continuous tight-bindin

FIG. 8. Spectral density forNh51 hole~one polaron!. Symbols
as in Fig. 6 and parameters as in Fig. 7. The broad incohe

central part of the spectrum~width .2ūa) derives from the motion
of the electrons in the fluctuating AFM background. Polaron
peaks show up atv.61.5. Between these two structures
pseudogap opens at the chemical potentialm* . It is accompanied
by a mirror pseudogap near2m* .
8-8
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FIG. 9. Spectral density forNh52 holes~two polarons! in the left-hand panel andNh53 holes~three polarons! in the right-hand panel.
Parameters and meaning of symbols as in Fig. 8.
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band develops, characterized by the hopping parameterūa .
The band is shown as a white line in Fig. 7. This part of
spectrum is similar to that at half filling~Fig. 6!. The remain-
ing discrepancy as compared to the MC data is due to
fluctuations of the azimuthal angles of the corespins caus
the white line to become more incoherent, as shown by
UHA calculations below. The transformation from local
global spin quantization has, however, negligible impact
the polaron states in the spectrum, since they are due to
FM region, in which the fluctuations of the corespins a
less relevant. As we can see in Fig. 7, our reasoning base
a single polaron well already describes the qualitative f
tures correctly.

The origin of the pseudogap and its ‘‘mirror image’’ o
the opposite side of the spectrum can now be simply ide
fied as the energy difference between the uppermost~lowest!
state in the FM potential well„E572ūfcos@p/(Lf11)#… and
the upper~lower! edge of the tight-binding band in the AFM
region (E572ūa) leading to a width of the pseudoga
DE52$ūfcos@p/(Lf11)#2ūa% ~see Fig. 7!.

A different picture would emerge if the FM domains we
more extended, as, for example, in a PS scenario. T
would then contain many energy levels~not only four as in
Fig. 7! and should thusnot give rise to a pseudogap.

For a more quantitative description we invoke the tw
parameter UHA as described before. In Fig. 8 the UHA
sults, already in global quantization, are compared with th
of unbiased MC simulations. The features of the spec
density are well reproduced. UHA even yields quantitat
agreement as far as the pseudogap in the density of sta
concerned.
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For the same value of the chemical potentialm51.1, the
two- and three-hole subspaces have been studied by pro
ing the grand canonical MC data on theNh52 andNh53
subspace, respectively. The results are depicted in Fig. 9.
spectra are qualitatively similar to those for the one-hole s
space. Only the spectral weight of the polaron peak increa
and shoulders show up in the AFM part of the spectru
They are due to the interstitial AFM regions enclosed by
FM-polaron wells. The argument is the same as before.
allowed energies are«(k)522ūacos(k), but now the pos-
sible k values depend on the size of the interstitial region

C. Discussion

The emerging global picture is as follows. There exist
critical chemical potentialm* . The value ofm* can be ob-
tained from simplified energy considerations. Form signifi-
cantly abovem* , the band is completely filled and antife
romagnetic. The spectral density in this case is shown in
6. At m* , according to Fig. 3, holes enter theeg band form-
ing isolated FM domains each containing asinglehole ~see
Figs. 4 and 5!. In the grand canonical ensemble, the numb
of polarons strongly fluctuates and the height of the pola
peak in the spectrum is directly linked to the number
holes. The pseudogap appears around the critical chem
potential. For values belowm* , the system switches from
predominantly AFM order to FM behavior and th
pseudogap gradually disappears in favor of a single quasi
ticle band of tight-binding type. Our analysis yields comp
ling evidence against the PS scenario and in favor of
polarons. Furthermore, it appears plausible that the forma
8-9
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of FM polarons will exist in symbiosis with lattice deforma
tions ~Jahn-Teller polarons!.6,25

The 1D Kondo model with quantumS51/2 corespins
has already been investigated27,28 at T50. For the weakly
electron-doped case, an exact diagonalization study27 shows
that ‘‘heavy @magnetic# polarons dominate the magnetic an
transport properties.’’ For higher electron doping, a DMR
study28 reveals charge modulations on the scale of a f
lattice sites, accompanied by several types of spin order
even in the absence of Coulomb interactions. As in
present work, the driving force that induces inhomogenei
is the interplay between the effective antiferromagnetic c
pling and FM double exchange.

For CMR oxides, Saitohet al.30 have investigated the
temperature dependence of angle-resolved photoemis
spectra~ARPES! for the phase transition from FM to PM
order. These studies show that a pseudogap also deve
aboveTC , which can be rationalized in the polaron pictur
In the PM phase we have the competition of ferromagneti
driven by the DE mechanism, and spin disorder due to th
mal fluctuations. Therefore, FM polarons will form in th
paramagnetic background. They will, however, be more
tended because the PM force is less pronounced than
AFM force at low temperatures.3 With increasing tempera
ture, the corespin fluctuations become stronger and the c
petition of the FM polarons with the PM background ge
tougher. The existence of FM domains aboveTC has been
corroborated by neutron scattering experiments.35

Furthermore, the ARPES experiments revealed that
bandwidth changes merely by about 4% across the FM
PM phase transition. On the other hand, it has been argu30

that the DE model predicts a reduction of about 30% in
PM phase if there the mean angle between neighboring s
is taken to bep/4 and the mean hopping parameter is the
fore reduced to 1/A2. The authors in Ref. 30 therefor
conclude that ‘‘DE is probably not even the domina
mechanism . . . .’’

At first glance, the argument seems convincing. Howev
in the polaron picture we do not really expect such a d
matic change of the band width since it is determined by
polaronic peaks atE562ūfcos@p/(Lf11)#. Hence, the band
edges depend on the hopping parameter of the FM re
and not on that of the PM region. Moreover, by the sa
reasoning that leads to a bandwidth reduction of 30% in
PM state, one would expect that the bandwidth vanishe
the AFM phase at low temperatures, since here the neigh
ing corespins are mostly antiparallel. That conclusion is
strong contrast to the unbiased MC results depicted in Fig
and 9. Even for the incoherent inner part of the spectru
which is due to electronic motion in the AFM region, a co
siderable bandwidth exists, due to the spin fluctuations wh
are present even at very low temperatures. Moreover,
tio
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band edges at finite hole filling are not really determined
the AFM regime, but rather by the FM polarons.

V. CONCLUSIONS

In this paper, polaronic aspects of the ferromagne
Kondo ~double-exchange! model have been analyzed by u
biased finite-temperature Monte Carlo simulations and t
have been explained by simple physical pictures. It has b
found that in 1D, the physical effects of the FM Kond
model close to half filling are not governed by phase se
ration, as previously reported, but rather by single-hole f
romagnetic polarons. They can be explained qualitatively
the back of an envelope by idealized polaron pictures.

It seems sensible to reassess the explanations of C
based on PS. These explanations are primarily based on
colation ideas, which can equally well be applied to F
polarons as percolating units. It appears plausible that
formation of FM polarons will exist in symbiosis with lattic
deformations ~Jahn-Teller polarons!. Single-hole FM po-
larons allow a direct explanation of the pseudogap, obser
in the manganites, whereas for larger FM clusters
pseudogap would be filled up by additional states. The st
ing similarity of the bandwidth of the FM and the PM phas
observed in ARPES experiments, can also be explained
FM polarons in the frame of the DE model. Moreover, t
infinite compressibility near the half filled band, which h
previously been attributed to PS, is a consequence
the fluctuating number of polarons in the grand canoni
ensemble.

Work is in progress for higher-dimensional systems. H
the entropy is expected to have less influence on the ther
dynamic behavior. Estimates suggest, however, that
physically relevant values of the effective antiferromagne
coupling, FM polarons are energetically more stable tha
PS scenario.

For the analysis of the Monte Carlo results, we have
tended the UHA at finite temperatures to include polaro
effects. This ansatz reduces the numerical effort by sev
orders of magnitude, while retaining all crucial physical fe
tures. The key idea is to map the physics of the hig
dimensional configuration space of thet2g corespins onto an
effective two-parameter model. A full thermodynamic eva
ation of the UHA model takes into account entropy and flu
tuations of the corespins. The results are in close agreem
with the unbiased MC data and allow a realistic descript
of all FM polaron effects found in various physica
quantities.
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