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Influence of nearest-neighbor Coulomb interactions on the phase diagram
of the ferromagnetic Kondo model
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~Received 21 September 1998!

The influence of a nearest-neighbor Coulomb repulsion of strengthV on the properties of the ferromagnetic
Kondo model is analyzed using computational techniques. The Hamiltonian studied here is defined on a chain
using localizedS51/2 spins, and one orbital per site. Special emphasis is given to the influence of the
Coulomb repulsion on the regions ofphase separationrecently discovered in this family of models, as well as
on the double-exchange-induced ferromagnetic ground state. When phase separation dominates atV50, the
Coulomb interaction breaks the large domains of the two competing phases into small ‘‘islands’’ of one phase
embedded into the other. This is in agreement with several experimental results, as discussed in the text.
Vestiges of the original phase separation regime are found in the spin structure factor as incommensurate
peaks, even at large values ofV. In the ferromagnetic regime close to densityn50.5, the Coulomb interaction
induces tendencies to charge ordering without altering the fully polarized character of the state. This regime of
‘‘charge-ordered ferromagnetism’’ may be related with experimental observations of a similar phase by Chen
and Cheong@Phys. Rev. Lett.76, 4042~1996!#. Our results reinforce the recently introduced notion@see, e.g.,
S. Yunoki et al., Phys. Rev. Lett.80, 845 ~1998!# that in realistic models for manganites analyzed with
unbiased many-body techniques, the ground state properties arise from a competition between ferromagnetism
and phase-separation–charge-ordering tendencies.@S0163-1829~99!09709-X#
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I. INTRODUCTION

The study of manganite materials continues attract
considerable attention due to their potential technological
plications and interesting physical properties dominated
its colossal magnetoresistance effect.1 Ferromagnetism in
models for manganites has been studied since the 1950s
it is widely assumed that the double-exchange~DE! ideas are
sufficient to understand the stabilization of a magnetic s
at low-temperatures upon hole-doping the manganites.2 The
main reason for this stabilization is that the kinetic energy
the holes is substantially improved in a fully aligned sp
background. These concepts are similar to those that lea
the well-known Nagaoka phase in the context of thet-J
model for the cuprates. However, experimental work has
vealed a phase diagram for manganites that is far more c
plicated than simple DE models predict.3 In particular, at
densities corresponding to the undoped compound@referred
to as ‘‘half-filling’’ ( n51) in the language of the one-orbita
model# an A-type antiferromagnet~AF! is stabilized. After a
small amount of holes is introduced, some manganites e
a regime where ferromagnetic droplets have been rece
observed.4 Upon further doping the DE ferromagnetic meta
lic regime is reached, including the widely studiedx;1/3
concentration. In the other limit of intermediate- and sma
electron densities, a charge-ordered state is stabilized in
doped manganites.3 In addition, at densities corresponding
the DE ground state at low temperatures, a metal-insul
transition occurs as the temperature is raised. This insula
state is likely responsible for the colossal magnetoresista
effects in manganites.

Recent work has initiated the computational analysis
PRB 590163-1829/99/59~10!/7033~10!/$15.00
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models for these compounds,5–8 allowing for calculations
that go beyond simple mean-field approximations. The te
niques used for such computational studies are borrowe
part from the field of cuprates, where they were applied
the analysis oft-J-like models in recent years.9 The use of
unbiased techniques in models for manganites has alre
led to a fairly good understanding of the zero-temperat
phase diagram of the so-called Ferromagnetic Kondo mo
~FKM! which is based on the assumption that only oneeg

orbital is relevant. Although Jahn-Teller~JT! effects cannot
be neglected in a quantitative study of manganites,10 it is
important to clarify the properties of this simplest one-orbi
model before addressing more complicated two-orb
Hamiltonians with JT phonons.

Following this computational approach, Yunoki an
co-workers5–7 recently reported the phase diagram of t
FKM addressing dimensionsD51, 2, 3, and̀ . The compu-
tational techniques used were the Monte Carlo method
D51,2,3 with classicalt2g spins, the dynamical mean-fiel
approximation inD5`,11 as well as the exact diagonaliza
tion ~ED! and density-matrix renormalization grou
~DMRG! ~Ref. 12! techniques in one dimension fo
quantum-mechanical localizedt2g spins. The phase diagram
was found to contain three dominant regimes:~i! a ferromag-
netic phase induced by the DE mechanism,~ii ! a spin incom-
mensurate regime at intermediate and small Hund couplin13

predominantly due to the Ruderman-Kittel-Kasuya-Yos
~RKKY ! interaction, and~iii ! a region of ‘‘phase separation’
~PS! near densityn51 between ferromagnetic hole-rich an
antiferromagnetic hole-undoped phases. The latter reg
~PS! is unexpected since for a long time it has been assum
that the transition from the AF regime, characteristic of t
7033 ©1999 The American Physical Society
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undoped region, to the FM regime atx;1/3 should occur
through a spin-canted state.14 However, the results of Ref. 5
showed that this is incorrect and actually the transition fr
AF to FM occurs through the creation of ‘‘islands’’ of on
phase embedded into the other, growing in size as the ov
density changes. Work by other groups15 is in agreement
with the main conclusions of Ref. 5. Previous studies in o
dimensional~1D! models also indicated the relevance
phase separation as one moves from copper to the left in
transition-metal row of the periodic table of elements.16

On the experimental side, a growing body of eviden
suggests that the transition from undoped LaMnO3 to the
doped ferromagnetic compounds indeed occurs through
inhomogeneous process. For instance, the existence of
sistatic magnetic droplets at small hole-density
La12xCaxMnO3 has recently been emphasized using ela
neutron scattering techniques atx50.05 and 0.08 below the
critical temperature for the magnetic state.4 Phase separatio
using NMR techniques has also been observed for the s
compound at low temperatures.17 Working atx51/3 and at
temperatures above the ferromagnetic critical tempera
Tc

FM , neutron scattering experiments were interpreted as
viding evidence for two distinct phases in the system,18 while
small-angle neutron scattering and magnetic susceptib
data suggested the presence of magnetic clusters (;12 Å in
size! in the same regime.19 X-ray and powder neutron sca
tering methods applied to Pr0.7Ca0.3MnO3 also revealed the
existence of ferromagnetic clusters.20 Neutron studies of
La12xSrxMnO3 at x50.10 and 0.15 were interpreted as co
responding to a polaron-ordered arrangement.21 Experimen-
tal studies of the 2D compound Sr22xLaxMnO4 at small elec-
tronic density have also been considered as evidenc
phase separation in manganites.22 Many other papers hav
reported results compatible with charge segregation ten
cies at temperatures and densities that surround the
temperature ferromagnetic phase of the manganites.23–25

This interesting agreement between theory and exp
ments reinforces the notion that simple electronic models
manganites with a strong Hund coupling may contain
essence of the physics needed to describe these mate
However, to confirm this assumption it is important to pr
ceed further with the computational calculations in two m
directions:~i! first, the influence of Jahn-Teller phonons a
the use of twoeg orbitals are important for a qualitativ
comparison between theory and experiment. An effort in t
direction has been recently reported by two of the auth
and Moreo.8 The existence of PS with JT phonons was co
firmed, including a tendency to a novel ‘‘orbital’’ phas
separation regime.8 PS tendencies were found to be as rob
in the phase diagram as in the case of a one-orbital Ko
model. This shows that studies of one-orbital Hamiltonia
can capture at least part of the physics of more sophistic
multi-orbital models for manganites;~ii ! second, Coulomb
interactions beyond the on-site term are important to av
the accumulation of charge suggested by the phase se
tion process described in Ref. 5. It is likely that in the regi
of ‘‘unstable’’ densities the large clusters of the hole-ri
ferromagnetic phase will be divided into small clusters d
to this Coulomb repulsion. Actually previous work in th
context of the cuprates has shown the tendency to form
tended charge-ordered structures26 once a long-range Cou
all
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lomb interaction is added to a phase separated state.
It is precisely one of the purposes of the present pape

study the influence of Coulomb interactions beyond the
siteU term on a model for manganites that has the tende
to phase separate in its ground state. The selection of
model for the present investigation is important for techni
reasons. The ferromagnetic Kondo model with classicalt2g

spins analyzed in Ref. 5 is difficult to study with Coulom
interactions since in this case the Monte Carlo method w
need the addition of Hubbard-Stratonovich~HS! degrees of
freedom to decouple the four-fermion terms in the Ham
tonian. In addition to the intrinsic complexity of this proce
dure, the HS decoupling will lead to ‘‘sign problems’’9 that
likely will prevent the study of low-temperature propertie
To complicate matters even more, techniques that dea
rectly with the Hilbert space of the problem, such as ED a
DMRG, cannot be easily applied to a model with classi
spins. Then, in order to analyze the influence of inters
Coulomb terms it would be better to usequantum t2g spins
and ED or DMRG methods for their analysis. In this conte
there are no ‘‘sign problems.’’ However, the huge Hilbe
spaces that need to be studied in finite size chains imp
constraints on the value of the quantum localized spinsS. In
order to carry out a study on a cluster large enough to re
bulk propertiesSmust be restricted to 1/2, rather than the 3
realistic value corresponding to manganites.27 Previous
calculations6 have shown that qualitativelyS51/2, 3/2, and
` ~classical spins! give very similar phase diagrams in th
absence of Coulomb interactions, and there is no reaso
expect that this situation will change when these interacti
are added. In addition, again due to the large size of
Hilbert spaces involved in the problem our analysis must
restricted to one-dimensional systems. Previous work
shown the existence of many similarities between the res
obtained in all dimensions5 including 1. Thus, the restriction
of working on chains should not be considered severe,
the analysis below is expected to capture the main qualita
aspects of the problem under investigation.

Note that calculations usingS51/2 localized spins on
chains have relevance not only in the context of mangan
but also for recently synthesized one-dimensional mater
such as Y22xCaxBaNiO5 which have two active electron
per Ni ion. This compound has been studi
experimentally28 and theoretically,29 and upon doping inter-
esting properties have been observed including a me
insulator transition.

To facilitate the understanding of the main results of t
paper the phase diagram in one dimension of the Ferrom
netic Kondo model~without Coulombic interactions and us
ing localizedS51/2 spins! is reproduced in Fig. 1 from Ref
6. As explained before, three main regimes were found us
ED and DMRG techniques. The region labeled FM cor
sponds to saturated ferromagnetism~the ground state spin is
maximized!. The IC regime suggests the existence of inco
mensurate spin correlations, at least of short range, an
manifests itself through the behavior of the spin struct
factorS(k) which has a peak that moves away fromk5p as
holes are added to the ‘‘half-filled’’ system. Finally, the r
gime labeled PS corresponds to phase separation which
studied calculating the densityn vs the chemical potentialm,
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PRB 59 7035INFLUENCE OF NEAREST-NEIGHBOR COULOMB . . .
as well as the inverse compressibility, searching for unsta
densities.6

The goal of the present manuscript is to analyze how
phase diagram of Fig. 1 changes when Coulomb interact
are added to the one-orbital Kondo model. The organiza
of the paper is as follows. In Sec. II the details of the mod
technique, and calculated observables are given. In Sec
the phase diagram is constructed when a nonzero on-sit
pulsion is considered, but without including nearest-neigh
Coulomb interactions. In Sec. IV these longer-range inter
tions are added. The tendency to form charge-ordered s
~at least at short distances! reported in this section is th
main result of this paper. Implications for experiments a
discussed in the Conclusions~Sec. V!.

II. MODEL AND COMPUTATIONAL TECHNIQUE

As explained in the Introduction, the model used in t
present study is the one-orbital ferromagnetic Kondo mo
with localized~spin-1/2! degrees of freedom that mimic th
effect of the t2g electrons. Coulomb interactions in theeg
band are also incorporated in the model. The Hamilton
defined on a chain withL sites is

H52t (
^ i j &s

~cis
† cj s1H.c.!2JH(

i
Si f •sic1J8(̂

i j &
Si f •Sj f

1U(
i

ni↑ni↓1V(̂
i j &

ninj . ~1!

The first term is the electron-transfer between Mn ions.^ i j &
denotes nearest-neighbor sites andt is the hopping amplitude
that will be set to 1 in most of the manuscript. In the seco
term, JH.0 is the ferromagnetic Hund coupling. The spi
1/2 operator for the conduction electron is defined assic

5(abcia
† sabcib , while Si f represents a localized spin-1/2

FIG. 1. Phase diagram of the ferromagnetic Kondo model w
localized S51/2 t2g spins. FM, PS, and IC denote regions wi
saturated ferromagnetism, phase separation, and s
incommensurate correlations, respectively. The results for the
phase were obtained exactly with the ED technique with up to
sites. The rest with the DMRG method with up to 40 sites. T
phase diagram is taken from Ref. 6.
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site i. A strong Hund coupling will be used throughout th
paper, and its value will be fixed toJH540, in units of t,
unless otherwise stated.J8 is the strength of a direct Heisen
berg coupling between the localized spins. This term
needed on phenomenological grounds since in fully do
manganites~e.g., when all La has been replaced by Ca! a
finite Néel temperature is experimentally observed.U is the
strength of the on-site electronic repulsion, withnis the num-
ber operator at sitei with spin s. V regulates the Coulomb
repulsion at a distance of one lattice spacing. The rest of
notation in Eq.~1! is standard.

The technique used in this paper to analyze ground s
properties of the Hamiltonian Eq.~1! in one dimension is the
DMRG method. The finite-system variation of DMRG wa
used, working with open boundary conditions.30 All results
were obtained keeping a number of statesm5100 in the
iterations, with the exception of densitiesn51 and 0 where
a smaller number of states produced accurate enough res
With this value ofm a truncation error of order 1026 or
smaller was obtained throughout the results shown in
next sections.

In order to characterize the ground state properties of
~1!, a variety of expectation values have been calculated.
spin structure factor defined as

S~k!5
1

L (
j ,m

^Sj f •Sm f&e
i ~ j 2m!k ~2!

and the charge structure factor

N~k!5
1

L (
j ,m

^njnm&ei ~ j 2m!k, ~3!

are among the measured quantities. In addition, the inv
compressibility defined as

1/k5
N2

4L
@E~N12,L !1E~N22,L !22E~N,L !#, ~4!

was also calculated. HereE(N,L) is the ground state energ
of a chain ofL sites withN electrons, and densityn5N/L.
Finally, the charge correlationC( i )5^njnm&2^nj&^nm&,
where i 5u j 2mu, was studied in some special cases. H
the angular brackets not only denote expectation value in
ground state but also indicate that for a given distancei all
possible pairs of sitesj ,m of the cluster compatible withi
5u j 2mu have been used. The reason is that open bound
conditions are needed in the DMRG technique and, thus,
correlations are different at, e.g., the center and near
chain end. Such an average procedure uses information
the whole chain, and in practice it produces smoothly cha
ing results as the distancei and the couplings are varied.

III. RESULTS AT V50

Let us begin the study for the case without a repulsion
a distance of one lattice spacing~i.e., working atV50). The
results obtained here will be later compared with those of
following section forVÞ0.
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A. Zero on-site repulsionU

In Fig. 2~a!, the inverse compressibility 1/k is shown as a
function ofn, with both the on-site and intersite repulsionsU
andV equal to zero, in order to study the dependence of
results withJ8. A similar analysis was carried out by Yunok
and Moreo7 but in the classical localized spin limit. Thi
study found thatJ8 is an important parameter in determinin
the low-temperature properties of models for mangani
Fig. 2~a! shows that 1/k at J850.04 is small or even slightly
negative both in the limits of small and large density, in go
qualitative agreement with Ref. 7. For larger values ofJ8,
Fig. 2~a! suggests that the phase separation regime nen
51 is lost ~i.e., all densities are stable!, while the results
close ton;0 are only slightly affected. Then, in order t
study the effect of a nearest-neighbor~NN! repulsionV over
a phase separated regime, relatively small values ofJ8/t
must be selected. Note that this is not a problem since
perimental results have actually shown thatJ8;0.05 in units
of t50.2 eV is a realistic value for the exchange coupli
between the localized spins.7,24 Then, in the rest of the pape
J850.05 will be used, unless otherwise stated.

Let us now analyze the behavior of the spin structu
factorS(k) as a function of density. The results are shown
Fig. 2~b!. As expected, in the limitsn51 and 0 a clear signa
for strong antiferromagnetic correlations is observed si
S(k) is peaked atk5p.31 In the intermediate regime wher
double-exchange tendencies leads to a ferromagnetic gr
state,S(k) is maximized atk50 also as expected based o
previous literature. The most interesting results in this c
text arise close ton51 and also 0. In this regime,S(k) has
important weightboth at k50 andp signaling the coexist-
ence of FM and AF domains as expected in a pha
separated regime. This is in agreement with the previ

FIG. 2. ~a! Inverse compressibility 1/k versus densityn for the
FM Kondo model withU5V50 and two values ofJ8, as indi-
cated. The results were obtained using chains with 20 and 40 s
For J850.04 1/k is very small or even negative atboth extremes
of n close to 1 and 0. AtJ850.20 the system is unstable only
small density.~b! Spin structure factorS(k) for a variety of densi-
ties ~indicated!, U5V50, J850.04, and a 20 site chain. Forn
50.1 and 0.9, a coexistence of ferromagnetic and antiferromagn
features is observed. Note that the value 0.5 forS(kÞ0) in the fully
polarized state atn50.5 originates in the particular structure of th
spin correlation which gives 3/4 on-site and 1/4 for other distan
e
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work reported in Ref. 5, with the discussion in the Introdu
tion, and with the inverse compressibility data shown in F
2~a!. Note that the densitiesn that correspond to the phas
separation regime can be studied in detail since the ana
presented here is in thecanonical-ensemble formalism. If a
grand-canonical approach would be used, as in Ref. 5, t
the regimesn;0.1 and;0.9 would not be reachable.

B. Nonzero on-site repulsionU

For the Hund coupling used throughout this paper, m
erate values of the on-site Coulomb interactionU are not
expected to play an important role since double occupanc
naturally suppressed by a largeJH . To illustrate this state-
ment, in Fig. 3 the inverse compressibility is shown atn
50.9, namely, in a regime with phase separation atU5V
50, as discussed in the previous subsection. WhenU is
switched on and increased to a large value in units of
hopping amplitude (U516), the plots of 1/k vs J8 change
only slightly. As a consequence, in the rest of the papeU
will be fixed to 16 to avoid the proliferation of free param
eters. The conclusions of our paper are not expected
change as long asJH and U are the largest scales in th
problem.

The compressibility atV50 andU516 as a function ofn
is shown in Fig. 4~a!. It is clear that both at small and larg
n, this quantity is either;0 or negative signaling the insta
bility of the ground state towards the formation of two d
ferent phases. In between, where the system is expected
ferromagnetic, the ground state is stable. In Fig. 4~b! the spin
structure factorS(k) is shown to illustrate the coexistence
FM and AF features in the ground state of the ‘‘unstabl
regime. This occurs atn50.85 where peaks at bothk50 and
p are observed. In the other cases,n51 and 0.75, there is
only one dominant peak at the antiferromagnetic and fe
magnetic locations, respectively.

To further confirm if at small and largen phase separation
is indeed observed, the on-site densities^ni& ~expectation
value in the ground state of the local density operator! have
also been monitored. Note here that the DMRG meth
works using open boundary conditions and, as a con

es.

tic

s.

FIG. 3. Inverse compressibility 1/k versus J8 at n50.9, V
50, using a chain with 20 sites, and two values ofU as indicated.
The results illustrate that at large Hund coupling,U does not influ-
ence much on the ground state properties.
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quence, the on-site density changes from site to site. In
5~a! results atn50.75, where the compressibility is positiv
and S(k) peaks atk50, show that aside from a bounda
effect involving about three sites at each chain end the lo
density only slightly Friedel oscillates around the global de
sity. On the other hand, in the presumed to be pha
separated regime the local density changes substantially
function of the site positioni. Most of the holes are near th
boundary and the local density changes abruptly betw
two values, which are the extreme stable densities;0.75 and
;1 as expected. Also the charge structure factorN(k) @Fig.
5~b!# has the characteristics corresponding to phase sep
tion, namely atn50.75 it behaves as a noninteracting sp

FIG. 4. ~a! Inverse compressibility 1/k vs densityn, working at
JH540, U516, V50, J850.05, and using 20 and 40 sites. Th
results show that nearn;1 andn;0 phase separation occurs,
shown in Fig. 2~a! even including a large on-site repulsionU. ~b!
Static spin structure factorS(k) vs momentumk/p for the same
JH ,U,V couplings used in~a!, J850.05, 40 sites, and several de
sities. The result atn50.85 illustrates the coexistence of FM an
AF features.

FIG. 5. ~a! Local density^ni& vs position along the chaini for
the same couplings as in Fig. 4~a!. The chain length is 40. 1 is th
first site of the chain starting from the left. 20 is the center of
chain. The results fori .20 are obtained by reflection. Shown a
data for n50.75, representative of the ferromagnetic region, a
n50.85, which belongs to the phase separated regime.~b! Charge
structure factorN(k) at the two densities used in~a!.
g.

al
-
e-
s a

n

ra-
-

less fermionic system due to the ferromagnetic characte
the ground state, while atn50.85 it develops structure a
small wave numbers related with the inhomogeneous dis
butions of charge.

In short, the results of this subsection have shown that
Kondo model with localizedS51/2 spins, and with the ad
dition of a J8 coupling among them, has a qualitative pha
diagram similar to the results presented before in the cla
cal limit for the t2g spins in Refs. 5 and 7. This conclusio
does not change even if an on-site repulsionU of moderate
strength is incorporated in the problem. Then the pres
analysis has allowed us to fix the parametersJH ,U,J8 such
that the physics under investigation, focused on phase s
ration and ferromagnetism, is realized in the ground state
the model Eq.~1!. Thus, the problem is now ready for th
analysis of the influence ofV on the phase diagram.

IV. RESULTS INCLUDING A REPULSION V

A. Influence of V on the phase separated regime

TheV term will now be switched on at a density such th
phase separation occurs in the ground state. In Fig. 6~a! the
inverse compressibility is shown as a function ofV using a
40-site chain. The results show that the unstable region
served atV50 in the previous section now becomes sta
whenV.0.5. Then, in agreement with the introductory di
cussion, phase separation is severely affected by Coulom
interactions beyond the on-site term. However, here it is
teresting to observe that vestiges of phase separation su
even up to large couplingsV. For instance, considerS(k)
which is shown in Fig. 6~b!. At V51, a double-peaked struc
ture is observed, as it occurs atV50, but now with maxima
deviated from 0 andp forming incommensurate structure
Results at other values ofV.1 ~not shown! are very similar
to those atV51. Then, the ground state properties do n
seem to change abruptly withV but smoothly. Even ground
states that have been stabilized by the Coulomb interactio

d

FIG. 6. ~a! Inverse compressibility 1/k vs V working at JH

540, U516, J850.05 and densityn50.85 ~i.e., in the region of
phase separation forV50). Shown are results using 40 sites. 1k
becomes positive for an intersite Coulomb interactionV;0.5 mak-
ing the ground state stable.~b! S(k) for the parameters used in~a!
and two values ofV ~actually results forV.1 are similar to those
of V51).
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7038 PRB 59A. L. MALVEZZI, S. YUNOKI, AND E. DAGOTTO
this regime contain a spin structure-factor with remnants
FM and AF domains. It is only the macroscopic accumu
tion of charge that is penalized byV.

In Fig. 7~a! the local density is shown for the case of s
holes on a 40-site chain. The accumulation of charge nea
boundary characteristic of phase separation atV50 is re-
placed by a fairly clear periodic distribution of charge atV
54. This occurs not only atV54 but in a wide range of
couplings. The replacement of phase separation by a s
with charge-ordering tendencies was expected based on
discussion given in the Introduction. The density where
‘‘holes’’ are mostly located is close to 0.7. There is no clu
tering of charge at largeV. From Fig. 7~b! it can be observed
that the charge structure-factorN(k) at V54 develops a very
sharp peak atk52pn due to the periodic arrangement
charge in the ground state.

It is interesting to notice that the positions where t
‘‘holes’’ are in Fig. 7~a! (V54) are actually made out o
four sites instead of one. Then, the holes are not fully st
but they have some mobility, and it is natural that to enha
this mobility the spins must be aligned. Then, the large F
regions at smallV in the regime of phase separation are n
replaced by periodically distributed small regions resembl
magnetopolarons. This is among the most important res
discussed in this paper.

B. Influence of V on the ferromagnetic regime

After analyzing in the previous subsection the influence
V on the properties of a phase-separated ground state
n51, let us study what occurs when a NN-Coulomb inter
tion is switched on in a fully ferromagnetic ground sta
Such a state can be easily obtained in the present mode
~1! simply using a density, e.g.,n50.6 where the double
exchange ideas are operative. The results forS(k) are shown
in Fig. 8~a!. While atV51 ~and smaller values! the peak at
k50 characteristic of ferromagnetism remains strong, aV
58 it has reduced substantially its intensity and mov

FIG. 7. ~a! Local density^ni& vs position along the chaini at
n50.85. For the site convention see the caption of Fig. 5~a!. The
couplings and density are the same as in Fig. 6~a!. The solid
~dashed! line represents results forV50 (V54). ~b! N(k) for the
two values ofV used in~a!. The rest of the couplings and densi
are as in~a!.
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slightly from k50. At V512 a very broad peak is the onl
remnant of the ferromagnetic structure at smallV.

To understand the reason for the complicated behavio
S(k), the local density atn50.6 is shown in Fig. 8~b!. At
V50 it is almost uniform as expected in a ferromagne
state. However, atV58 a charge-ordered pattern is o
served. This is in agreement with the previously discus
results atn50.85 which showed a similar tendency. How
ever, note that now most minima in the local density
volves only one site, instead of four as in Fig. 7~a!. For this
lattice and number of electrons~12 of them on a 20-site
chain!, the charges cannot arrange themselves in a peri
structure, causing the incommensuratelike peak inS(k) at
V58. The replacement of a metallic FM state by a state w
charge-ordering tendencies is also clear in Fig. 9~a! where
N(k) is shown. At V58 a large peak is observed atk
52pn. Also the real-space density-density correlationsC( i )
shown in Fig. 9~b! ~for its definition see Sec. II! indicate
strong effects in the charge sector at short distances: whi
V50 these correlations are not negligible only at distan
i 50 and 1, atV58 the same correlations have been e
hanced and they are now robust also at distances 2 and

Working at exactlyn50.5 the incommensurate structure
observed atn50.6 should disappear. In Fig. 10~a! the local
density is shown for a 20-site cluster and several values oV.
At V50 the density is exactly uniform for symmetry re
sons, but as soon asV is switched on a charge-ordered pa
tern clearly emerges. At this density a soliton at the cente
the chain appears justifying the reduction in^ni& towards
that center.N(k) in Fig. 10~b! also presents a clear peak
k5p which grows withV, in agreement with the previou
discussion. Then, from the analysis of the densitiesn50.6
and 0.5 it is concluded that a tendency to charge ordering
least at short-distances, is obtained once an intersite C
lomb interactionV is introduced in a fully ferromagnetic
state. This state@which here is referred to as charge-order
~CO! for simplicity although the large distance behavior

FIG. 8. ~a! Spin structure factorS(k) working with JH

540, U516, J850.05, n50.6, 20 sites, and the values ofV in-
dicated.~b! Local density^ni& for the same couplings and densi
as in~a!. Results for a chain of 20 sites are shown.i 51 is the site
at the extreme left of the chain. The results fori .10 are obtained
by reflection of the numbers shown. The results atV50 are almost
uniform while atV58 they present clear large oscillations.
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difficult to analyze# occurswithin the ferromagnetic phase
i.e., through a calculation ofS(k) the spins were found to b
fully polarized unlessV reaches larger values than tho
shown in Figs. 10~a! and 10~b!. A similar result was reported
in Ref. 32 using a path-integral approach.

In order to monitor the development of charge corre
tions in the ground state the mean value ofncd5( i 5odd(ni
2ni 11) has been studied before in other models.33 Its expec-
tation value should be zero in a metallic state, but nonzer
a system with charge order. Results for a chain of 20 sites
shown in Fig. 11~a!. Although nonzero for all values ofV
Þ0, this result suggests only a tendency towards the for
tion of a charge-ordered state. For a proper analysis of

FIG. 9. ~a! N(k) vs k/p for the couplingsJH ,U,J8 and density
of Fig. 8~a!, and two values ofV ~indicated!. The chain has 20 sites
At V58 the large peak suggests strong charge correlations in
ground state.~b! Density-density correlationsC( i ) ~for its definition
see text! vs distancei, at the same couplings, chain length, a
density used in~a!. Enhancement of charge correlations atV58 is
observed.

FIG. 10. ~a! Local densitŷ ni& corresponding to a 20-site chai
with JH540, U516, J850.05, n50.5, and the values ofV indi-
cated in the figure. The development of charge oscillations aV
grows is clear in the figure.~b! N(k) vs k/p using the same cou
plings, chain length, and density as in~a!. The development of a
large peak atk5p is also compatible with the stabilization of
charge ordered pattern.
-

in
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a-
e

critical V leading to charge ordering a careful finite-si
study is needed, beyond the scope~and numerical accuracy!
of the present paper. However, in order to gain at least so
insight from the 20-site cluster, the first derivative ofncd
with respect toV is shown in the inset of Fig. 11~a!. Previous
calculations studying variations around thet-J model
showed33 that the critical point is located at the inflectio
point of thencd vs V curve. The calculation shown in Fig
11~a! suggests that the critical coupling is roughly estima
to be atVc;2, which is in good agreement with the critica
coupling corresponding to a model of spinless fermions w
NN repulsion.34 The charge gapDc(N,L)5E(N12,L)
1E(N22,L)22E(N,L)54L/N2k was also studied@Fig.
11~b!#. The second derivative of this quantity with respect
V is also peaked around;2, as in the case ofdncd /dV.
Then, this~rough! analysis suggests that a critical couplin
Vc;2 separates two ferromagnetic regions, one charge
ordered and the other with at least short-distance cha
ordering tendencies. However, further work is needed to
tablishVc more accurately.

V. PHASE SEPARATION IN THE SMALL ELECTRONIC
DENSITY REGION

In the loweg-density region, a nearest-neighbor repulsi
is not expected to affect the ground state properties subs
tially since the mean distance between electrons is la
Coulombic interactions at distances larger than one lat
spacing would be more important in this regime~but they are
difficult to study with the DMRG method!. To verify that
indeedV is not playing an important role at smalln, in Fig.
12~a! the inverse compressibility is shown for three values
V. While phase separation at large densityn;1 is affected
by V ~as discussed in previous sections! andk changes sub-
stantially at intermediate densities, the results at low den
n<0.20 are almostV independent.

Let us investigate the properties of the phase-separ
regime at smalln andV50. The results for the spin structur
factor are shown in Fig. 12~b!. At n50.20, a clear signal of

he

FIG. 11. ~a! ncd ~see text! vs V for the sameJH ,U,J8, chain
length, and density as in Fig. 10~a!. In the inset the first derivative
is shown.~b! Charge gapDc as defined in text vsV. The couplings,
chain length, and density are as in~a!. The inset shows the secon
derivative. For a discussion see text.
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ferromagnetism is observed, with 1/k being slightly positive
~stable!. However, atn50.10 and 0.05 a coexistence
weight both atk50 andp appears, signaling the expecte
regime that separates~i! electron-rich spin-ferromagnetic an
~ii ! electron-undoped spin-antiferromagnetic states. T
presence of PS can also be inferred from the local den
^ni& shown in Fig. 13~a!. At the stable densityn50.25, and
leaving aside boundary effects involving about three site
each end, the density presents Friedel oscillations around
densityn @actually the results at this density could have be
obtained directly from those of Fig. 5~a! at n50.75 since in

FIG. 12. ~a! Inverse compressibility 1/k vs densityn, usingJH

540, U516, J850.05, and the three values ofV indicated. The
numbers are obtained using chains with 20 and 40 sites. The re
show that the compressibility is very large at low densities.V has
virtually no influence on this region of the phase diagram.~b! S(k)
for the same couplingsJH , U, andJ8 used in~a!, a chain of 40
sites, and usingV50. The densities are shown. The results an
50.10 and 0.05 illustrate the coexistence of FM and AF featur

FIG. 13. ~a! Local densitŷ ni& for the same couplingsJH ,U,J8
used in Fig. 12~a!, andV50. The chain used has 40 sites. Resu
are shown forn50.25 where the densities are very similar~leaving
aside a boundary effect neari 51), and atn50.10 where charge
accumulates at the center due to phase separation tendencies
ground state.~b! S(k) at JH540, U516, J850.05, V58, and for
the two densities indicated. The number of sites is 20. The resu
n50.1 shows that even including a largeV, the coexistence of FM
and AF features persists.
e
ty

at
he
n

the fully spin-aligned state low and high densities are exa
related by symmetry#. However, atn50.10 the four elec-
trons present in theL540 system accumulate at the cente
leaving about ten sites~a quarter of the lattice! virtually
empty on each end of the chain. This is the way in wh
phase separation seems to manifest itself when clusters
open boundary conditions are used. The central cluste
electrons@which hasn;0.2, i.e., the lower limit of the den-
sities which are stable according to Fig. 12~a!# was found to
be spin ferromagnetic as expected. Finally, to further confi
thatV does not influence severely on the low-density regim
in Fig. 13~b! S(k) is shown now atV58 for two densities. If
n50.20, the system is ferromagnetic, while forn50.10,
once again a coexistence of FM and AF features is obser
as in the absence of the intersite Coulomb interaction.

VI. CONCLUSIONS

In this paper the influence of a nearest-neighbor Coulo
repulsionV betweeneg electrons was studied using the fe
romagnetic Kondo model. The main goal of the paper was

FIG. 14. Phase diagram of the Ferromagnetic Kondo model w
on-site and intersite Coulombic interactions, usingS51/2 localized
spins,JH540, J850.05, t51, and in one dimension. The resul
are semi-quantitative since only a finite number of densities can
achieved with clusters of 20 and 40 sites. Thus, small scale o
lations have been smeared out in constructing this figure. PS1
notes the regime of phase separation atn;1, while PS2 indicates a
similar regime but now atn;0. Both extremesn51 andn50 have
strong antiferromagnetic~AF! correlations as indicated. FM denote
a regime where the spin is fully saturated~the total spin is maxi-
mum!. Partial FM is a regime where the total spin is between t
maximum compatible with the cluster and density used, and
minimum ~zero!. IC indicates a tendency to form spin
incommensurate structures~for a discussion see text!. CD means
‘‘charge disordered.’’ Reciprocally, CO means ‘‘charge ordered
which in this case only means that in the ground state strong sh
distance tendencies to charge ordering have been identified~the
large distance behavior remains to be analyzed!. The point and
dashed line atn50.5 andV52 should only be considered as
tentative rough boundary between the CD and CO regimens
represents the evidence discussed in Fig. 11 of a singularity in s
observables separating the CD and CO regions within the f
saturated ferromagnetic state.
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analyze the evolution withV of the ground states in the re
gimes of ~i! the recently computationally discovere
phase-separation5–7 and~ii ! with ferromagnetism induced b
the double-exchange mechanism. Spin and charge cor
tions were studied in detail. The computational work us
DMRG was made possible by restricting the spatial dim
sion to 1, the localized spin value to 1/2, and using o
one-orbital per site. These limitations prevent us from m
ing detailed quantitative statements about the effect of C
lomb interactions on real manganite compounds. Actuall
is unrealistic to expect that accurate numerical work will
possible in the near future for large enough clusters in
mensions larger than 1, considering the Coulombic inter
tions included here. However, several qualitative featu
have emerged that seem robust enough to survive an incr
in dimensionality.

The overall phase diagram in theV-n plane found in this
study is presented in Fig. 14. In the limitV50, two regimes
of phase separation were observed nearn51 ~PS1! and 0
~PS2! ~in excellent agreement with Ref. 7!. In between, a
robust ferromagnetic phase was observed with no indicat
of strong charge ordering tendencies. However, when
Coulomb repulsionV is included in the calculation the PS
regime rapidly becomes unstable due to the expected en
penalization caused by the charge difference between the
competing phases. At these densities, theV term induces a
regular arrangement of charge which resembles a pola
lattice. Each hole is spread over four lattice sites in the
gime of parameters investigated in Fig. 7~a!. This picture
gives support to the intuitive notion that visualizes a ph
separated state with extended Coulomb interactions inclu
as a collection of small ‘‘islands’’ of one phase embedd
into the other. This result is in good agreement with a la
body of experimental work in manganites.4,17–24Vestiges of
the phase separated regime are observed in the spin stru
factor which has weak incommensuratelike peaks both n
k5p and 0. In the other extreme of low electronic densi
.
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PS2 is not affected byV since the mean distance betwee
carriers is large at low density. Here phase separation pers
up to large values ofV. Presumably longer-range Coulombi
terms are needed to melt this regime, and induce the cha
ordered pattern found in experiments for manganites.

Another of the main results of the paper is the stabiliz
tion by NN-Coulomb interactions of a ferromagnetic sta
with charge periodically distributed at least at short di
tances. This state is expected to be an insulator but a ca
lation of the Drude weight is needed to confirm this conje
ture. This occurs in the vicinity ofn50.5 ~Fig. 14!. The
electrons gain kinetic energy by keeping the spin backgrou
fully polarized and they avoid the Coulomb repulsion b
forming a charge pattern which is approximately period
For nÞ0.5, the charge structure factor peaks away fromk
5p, signaling a~natural! tendency to form incommensurat
charge arrangements, but its strength is weaker than an
50.5. Then, the present calculation suggests that the fe
magnetic phase of the manganites may coexist with cha
ordering tendencies which are maximized atn50.5. Likely
these tendencies are more dynamic than static. Note tha
cent experimental results by Chen and Cheong~Ref. 35!
have reported the existence of weakly incommensur
charge ordering in La0.5Ca0.5MnO3 using electron diffraction
techniques. Our results suggest that this phenomenon
originate on the influence of NN-Coulomb interactions o
double-exchange induced ferromagnetic phases of the m
ganites.

ACKNOWLEDGMENTS

A.L.M. acknowledges the financial support of the Co
selho Nacional de Desenvolvimento Cientı´fico e Tecno-
lógico ~CNPq-Brazil!, as well as partial support from the
NHMFL In-House Research Program, supported under Gr
No. DMR-9527035. S.Y. and E.D. were supported by t
NSF Grant No. DMR-9520776.
*Present address: Departamento de Fı`sı̀ca-UNESP/Bauru, Av. Eng
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