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The influence of a nearest-neighbor Coulomb repulsion of strevigth the properties of the ferromagnetic
Kondo model is analyzed using computational techniques. The Hamiltonian studied here is defined on a chain
using localizedS=1/2 spins, and one orbital per site. Special emphasis is given to the influence of the
Coulomb repulsion on the regions piiase separationecently discovered in this family of models, as well as
on the double-exchange-induced ferromagnetic ground state. When phase separation domifrat&stiae
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\ifin the ferromagnetic regime close to dengity 0.5, 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 CheongPhys. Rev. Lett76, 4042(1996]. Our results reinforce the recently introduced nofisee, e.g.,

S. Yunoki et al, Phys. Rev. Lett80, 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 tenderf864.63-182609)09709-X

I. INTRODUCTION models for these compounti® allowing for calculations
that go beyond simple mean-field approximations. The tech-
The study of manganite materials continues attractingriques used for such computational studies are borrowed in
considerable attention due to their potential technological appart from the field of cuprates, where they were applied to
plications and interesting physical properties dominated byhe analysis ot-J-like models in recent yearsThe use of
its colossal magnetoresistance effedterromagnetism in unbiased techniques in models for manganites has already
models for manganites has been studied since the 1950s, aledl to a fairly good understanding of the zero-temperature
it is widely assumed that the double-exchafDE&) ideas are  phase diagram of the so-called Ferromagnetic Kondo model
sufficient to understand the stabilization of a magnetic stat¢FKM) which is based on the assumption that only ege
at low-temperatures upon hole-doping the mangaRifEse  orbital is relevant. Although Jahn-TellédT) effects cannot
main reason for this stabilization is that the kinetic energy ofoe neglected in a quantitative study of manganiteis,is
the holes is substantially improved in a fully aligned spinimportant to clarify the properties of this simplest one-orbital
background. These concepts are similar to those that lead tnodel before addressing more complicated two-orbital
the well-known Nagaoka phase in the context of thé  Hamiltonians with JT phonons.
model for the cuprates. However, experimental work has re- Following this computational approach, Yunoki and
vealed a phase diagram for manganites that is far more coneo-workers™’ recently reported the phase diagram of the
plicated than simple DE models predictn particular, at  FKM addressing dimensiori3=1, 2, 3, ande. The compu-
densities corresponding to the undoped compduetktrred tational techniques used were the Monte Carlo method in
to as “half-filling” ( n=1) in the language of the one-orbital D=1,2,3 with classicat,, spins, the dynamical mean-field
model an A-type antiferromagnefAF) is stabilized. After a  approximation inD=o,'! as well as the exact diagonaliza-
small amount of holes is introduced, some manganites entégion (ED) and density-matrix renormalization group
a regime where ferromagnetic droplets have been recentfDMRG) (Ref. 12 techniques in one dimension for
observed. Upon further doping the DE ferromagnetic metal- quantum-mechanical localizetdy spins. The phase diagram
lic regime is reached, including the widely studiget1/3  was found to contain three dominant regim@sa ferromag-
concentration. In the other limit of intermediate- and small-netic phase induced by the DE mechanigim,a spin incom-
electron densities, a charge-ordered state is stabilized in Caaensurate regime at intermediate and small Hund coufling
doped manganitesin addition, at densities corresponding to predominantly due to the Ruderman-Kittel-Kasuya-Yosida
the DE ground state at low temperatures, a metal-insulatdfRKKY') interaction, andiii ) a region of “phase separation”
transition occurs as the temperature is raised. This insulatind®S near densityn=1 between ferromagnetic hole-rich and
state is likely responsible for the colossal magnetoresistancantiferromagnetic hole-undoped phases. The latter regime
effects in manganites. (P9 is unexpected since for a long time it has been assumed
Recent work has initiated the computational analysis othat the transition from the AF regime, characteristic of the

0163-1829/99/5@.0)/703310)/$15.00 PRB 59 7033 ©1999 The American Physical Society



7034 A. L. MALVEZZI|, S. YUNOKI, AND E. DAGOTTO PRB 59

undoped region, to the FM regime at-1/3 should occur lomb interaction is added to a phase separated state.
through a spin-canted statéHowever, the results of Ref. 5 It is precisely one of the purposes of the present paper to
showed that this is incorrect and actually the transition fromstudy the influence of Coulomb interactions beyond the on-
AF to FM occurs through the creation of “islands” of one siteU term on a model for manganites that has the tendency
phase embedded into the other, growing in size as the overal phase separate in its ground state. The selection of the
density changes. Work by other grotipss in agreement model for the present investigation is important for technical
with the main conclusions of Ref. 5. Previous studies in onereasons. The ferromagnetic Kondo model with classigal
dimensional (1D) models also indicated the relevance of spins analyzed in Ref. 5 is difficult to study with Coulomb
phase separation as one moves from copper to the left in thateractions since in this case the Monte Carlo method will
transition-metal row of the periodic table of elemetfts. need the addition of Hubbard-StratonovihS) degrees of

On the experimental side, a growing body of evidencereedom to decouple the four-fermion terms in the Hamil-
suggests that the transition from undoped LaMnO the  ionjan. In addition to the intrinsic complexity of this proce-
FJoped ferromagnetic compourjds indeed occurs through 3ure, the HS decoupling will lead to “sign problenfsthat
mhomogeneous process. For instance, the existence of AUkely will prevent the study of low-temperature properties.
sistaic magnetic  droplets at small hole-density NTo complicate matters even more, techniques that deal di-

hzti;;a(s“ggt?grihnasteriﬁi?tgegsaino%n;p:n?jsg%% l:)zlr:)%viﬁst'?ectly with the Hilbert space of the problem, such as ED and
" 9 q : 4 ' : DMRG, cannot be easily applied to a model with classical
critical temperature for the magnetic statehase separation ins. Then, in order to analyze the influence of intersite

using NMR techniques has also been observed for the sarrié) . .
compound at low temperaturésWorking atx=1/3 and at oulomb terms it would be better.to uqeaptum 59. spins
temperatures above the ferromagnetic critical temperatur@d ED or DMRG methods for their analysis. In this context
TEM, neutron scattering experiments were interpreted as pr here are no “sign problems_. H_ow_ev_er, t_he hug_e H_|Ibert
viding evidence for two distinct phases in the systémhile spaces_that need to be studied in finite size chalns_ impose
small-angle neutron scattering and magnetic susceptibilitgOnstraints on the value of the quantum localized sfinla
data suggested the presence of magnetic clustet (A in order to carry out a study on a cluster large enough to reach
siz®) in the same regim® X-ray and powder neutron scat- buIK p_ropertlesS must be res'gncted to 1/2, rather than the 3/2
tering methods applied to PyCa sMnO; also revealed the realistic value corresponding to manganftésPrevious
existence of ferromagnetic clustéfsNeutron studies of ~calculation§ have shown that qualitativel=1/2, 3/2, and
La; _,SrMnO; atx=0.10 and 0.15 were interpreted as cor-> (classical spinsgive very similar phase diagrams in the
responding to a polaron-ordered arrangeniéfixperimen- ~ absence of Coulomb interactions, and there is no reason to
tal studies of the 2D compound.SrLa,MnO, at small elec- expect that this situation will change when these interactions
tronic density have also been considered as evidence @fre added. In addition, again due to the large size of the
phase separation in manganitévlany other papers have Hilbert spaces involved in the problem our analysis must be
reported results compatible with charge segregation tendemestricted to one-dimensional systems. Previous work has
cies at temperatures and densities that surround the lovshown the existence of many similarities between the results
temperature ferromagnetic phase of the mangafites. obtained in all dimensiorsncluding 1. Thus, the restriction
This interesting agreement between theory and experief working on chains should not be considered severe, and
ments reinforces the notion that simple electronic models fothe analysis below is expected to capture the main qualitative
manganites with a strong Hund coupling may contain theaspects of the problem under investigation.
essence of the physics needed to describe these materials.Note that calculations usin@=1/2 localized spins on
However, to confirm this assumption it is important to pro-chains have relevance not only in the context of manganites
ceed further with the computational calculations in two mainbut also for recently synthesized one-dimensional materials
directions:(i) first, the influence of Jahn-Teller phonons andsuch as ¥_,CaBaNiO; which have two active electrons
the use of twoey orbitals are important for a qualitative per Ni ion. This compound has been studied
comparison between theory and experiment. An effort in thisxperimentall§® and theoretically® and upon doping inter-
direction has been recently reported by two of the authoresting properties have been observed including a metal-
and Mored® The existence of PS with JT phonons was con-insulator transition.
firmed, including a tendency to a novel “orbital” phase To facilitate the understanding of the main results of this
separation regim&PS tendencies were found to be as robusipaper the phase diagram in one dimension of the Ferromag-
in the phase diagram as in the case of a one-orbital Kondoetic Kondo mode{without Coulombic interactions and us-
model. This shows that studies of one-orbital Hamiltoniansng localizedS= 1/2 spin$ is reproduced in Fig. 1 from Ref.
can capture at least part of the physics of more sophisticate®l As explained before, three main regimes were found using
multi-orbital models for manganitesii) second, Coulomb ED and DMRG techniques. The region labeled FM corre-
interactions beyond the on-site term are important to avoigponds to saturated ferromagnetigime ground state spin is
the accumulation of charge suggested by the phase separaaximized. The IC regime suggests the existence of incom-
tion process described in Ref. 5. It is likely that in the regionmensurate spin correlations, at least of short range, and it
of “unstable” densities the large clusters of the hole-rich manifests itself through the behavior of the spin structure
ferromagnetic phase will be divided into small clusters duefactor S(k) which has a peak that moves away frém 7 as
to this Coulomb repulsion. Actually previous work in the holes are added to the “half-filled” system. Finally, the re-
context of the cuprates has shown the tendency to form exgime labeled PS corresponds to phase separation which was
tended charge-ordered structiffesnce a long-range Cou- studied calculating the densityvs the chemical potential,
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80.0

- sitei. A strong Hund coupling will be used throughout the
1D paper, and its value will be fixed t@,=40, in units oft,
S=1/2 unless otherwise stated. is the strength of a direct Heisen-
berg coupling between the localized spins. This term is
needed on phenomenological grounds since in fully doped
manganitese.g., when all La has been replaced by) @a
O] finite Neel temperature is experimentally observedis the
strength of the on-site electronic repulsion, with) the num-

ber operator at sitewith spino. V regulates the Coulomb
repulsion at a distance of one lattice spacing. The rest of the
notation in Eq.(1) is standard.

The technique used in this paper to analyze ground state
properties of the Hamiltonian E€L) in one dimension is the
DMRG method. The finite-system variation of DMRG was
IC used, working with open boundary conditiofisAll results
0 0'9 5 o7 0'6 T o4 were obtain_ed keeping a number o_f_stamg 100 in the

' : ’ n ) : ) iterations, with the exception of densitias=1 and 0 where
a smaller number of states produced accurate enough results.

FIG. 1. Phase diagram of the ferromagnetic Kondo model withWith this value ofm a truncation error of order 1% or
localized S=1/2 t,4 spins. FM, PS, and IC denote regions with smaller was obtained throughout the results shown in the
saturated ferromagnetism, phase separation, and spimext sections.
incommensurate correlations, respectively. The results for the FM |n order to characterize the ground state properties of Eq.

phase were obtained exactly with the ED technique with up to 131), a variety of expectation values have been calculated. The
sites. The rest with the DMRG method with up to 40 sites. Thegpin structure factor defined as

phase diagram is taken from Ref. 6.
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as W_eI_I as the inverse compressibility, searching for unstable S(k)= 1 > (Sit- Sppyel 1Mk )
densitied Lim
The goal of the present manuscript is to analyze how the
phase diagram of Fig. 1 changes when Coulomb interactionand the charge structure factor
are added to the one-orbital Kondo model. The organization
of the paper is as follows. In Sec. Il the details of the model, 1 -
technique, and calculated observables are given. In Sec. Il N(k)= T > (el —mk, 3
the phase diagram is constructed when a nonzero on-site re- ,m
pulsion is considered, but without including nearest-neighbor i i )
Coulomb interactions. In Sec. IV these longer-range interac2’® among the measured quantities. In addition, the inverse
tions are added. The tendency to form charge-ordered stat§§Mpressibility defined as
(at least at short distangeseported in this section is the

main result of this paper. Implications for experiments are 2
discussed in the ConclusiotSec. V). Ux= 7 [E(N+2L)+E(N-2L)=2E(N,L)], (4

Il. MODEL AND COMPUTATIONAL TECHNIQUE was also calculated. Het&(N,L) is the ground state energy

As explained in the Introduction, the model used in theof aI(I:ha|tr;1 ofl ﬁ'tes withN ?I?_ctr:é)qs,_and den_smy= N/L.
present study is the one-orbital ferromagnetic Kondo modef'r':a y_,_ _e_ charge c?[rrs_ ad'q (|)—<njnm>_ |<ni><nm>'H
with localized(spin-1/2 degrees of freedom that mimic the wherei=|j—m|, was studied in some special cases. Here
effect of thet,, electrons. Coulomb interactions in tleg the angular brackets not only denote expectation value in the

band are also incorporated in the model. The Hamiltoniarﬁgrou'f]d state but al_so_ indicate that for a given _d|stan§tb
defined on a chain with. sites is possible pairs of siteg,m of the cluster compatible with

=|j—m| have been used. The reason is that open boundary
conditions are needed in the DMRG technique and, thus, the
H=—t> (cl,cj,+H.c)—Iu> St sc+3' X St S correlations are different at, e.g., the center and near the
(i ' (i chain end. Such an average procedure uses information from
the whole chain, and in practice it produces smoothly chang-
+U§i: niTni1+V<Z_> nin;. 1) ing results as the distanéeand the couplings are varied.
1]

The first term is the electron-transfer between Mn igng)
denotes nearest-neighbor sites arglthe hopping amplitude
that will be set to 1 in most of the manuscript. In the second Let us begin the study for the case without a repulsion at
term, J>0 is the ferromagnetic Hund coupling. The spin- a distance of one lattice spacifige., working atv=0). The

1/2 operator for the conduction electron is definedsgs results obtained here will be later compared with those of the
= Eaﬁcfaaaﬁciﬁ, while S represents a localized spin-1/2 at following section forV+0.

Ill. RESULTS AT V=0
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FIG. 2. (a) Inverse compressibility &/ versus density for the FIG. 3. Inverse compressibility &/versusJ’ at n=0.9, V
FM Kondo model withU=V=0 and two values of)’, as indi- =0, using a chain with 20 sites, and two valuedUés indicated.

cated. The results were obtained using chains with 20 and 40 site$he results illustrate that at large Hund couplitgdoes not influ-
ForJ'=0.04 1k is very small or even negative Bbth extremes ence much on the ground state properties.
of n close to 1 and 0. A’ =0.20 the system is unstable only at
small density(b) Spin structure factog(k) for a variety of densi- work reported in Ref. 5, with the discussion in the Introduc-
ties (indicated, U=V=0, J'=0.04, and a 20 site chain. For  tion, and with the inverse compressibility data shown in Fig.
=0.1and 0.9, a coexistence of ferromagnetic and antiferromagneti2(a). Note that the densities that correspond to the phase
features is observed. Note that the value 0.55de+ 0) inthe fully  separation regime can be studied in detail since the analysis
polarized state at= 0.5 originates in the particular structure of the presented here is in theanonicatensemble formalism. If a
spin correlation which gives 3/4 on-site and 1/4 for other di5tancesgrand-canonical approach would be used, as in Ref. 5, then
the regimesn~0.1 and~ 0.9 would not be reachable.
A. Zero on-site repulsionU

In Fig. 2a), the inverse compressibility &/is shown as a B. Nonzero an-site repulsiont)

function ofn, with both the on-site and intersite repulsidgis For the Hund coupling used throughout this paper, mod-
andV equal to zero, in order to study the dependence of therate values of the on-site Coulomb interactidnare not
results withd’. A similar analysis was carried out by Yunoki expected to play an important role since double occupancy is
and Mored but in the classical localized spin limit. This naturally suppressed by a largg. To illustrate this state-
study found thal’ is an important parameter in determining ment, in Fig. 3 the inverse compressibility is shownnat
the low-temperature properties of models for manganites=0.9, namely, in a regime with phase separatiorJatV
Fig. 2(a) shows that I¢ atJ’'=0.04 is small or even slightly =0, as discussed in the previous subsection. Wbeis
negative both in the limits of small and large density, in goodswitched on and increased to a large value in units of the
qualitative agreement with Ref. 7. For larger valueslbf  hopping amplitude Y = 16), the plots of ¢ vs J’ change
Fig. 2(a) suggests that the phase separation regime near only slightly. As a consequence, in the rest of the pdper
=1 is lost(i.e., all densities are stablewhile the results will be fixed to 16 to avoid the proliferation of free param-
close ton~0 are only slightly affected. Then, in order to eters. The conclusions of our paper are not expected to
study the effect of a nearest-neigh§diN) repulsionV over  change as long a3y and U are the largest scales in the
a phase separated regime, relatively small valued'éf  problem.
must be selected. Note that this is not a problem since ex- The compressibility a¥=0 andU =16 as a function of
perimental results have actually shown that-0.05 in units  is shown in Fig. 4a). It is clear that both at small and large
of t=0.2 eV is a realistic value for the exchange couplingn, this quantity is either~0 or negative signaling the insta-
between the localized spifg? Then, in the rest of the paper bility of the ground state towards the formation of two dif-
J’=0.05 will be used, unless otherwise stated. ferent phases. In between, where the system is expected to be
Let us now analyze the behavior of the spin structureferromagnetic, the ground state is stable. In Figp) Zhe spin
factor S(k) as a function of density. The results are shown instructure factoS(k) is shown to illustrate the coexistence of
Fig. 2(b). As expected, in the limite=1 and 0 a clear signal FM and AF features in the ground state of the “unstable”
for strong antiferromagnetic correlations is observed sinceegime. This occurs at=0.85 where peaks at bok+ 0 and
S(k) is peaked ak=.3! In the intermediate regime where 7 are observed. In the other casas; 1 and 0.75, there is
double-exchange tendencies leads to a ferromagnetic groumhly one dominant peak at the antiferromagnetic and ferro-
state,S(k) is maximized ak=0 also as expected based on magnetic locations, respectively.
previous literature. The most interesting results in this con- To further confirm if at small and largephase separation
text arise close tm=1 and also 0. In this regim&(k) has is indeed observed, the on-site densit{@s) (expectation
important weightboth at k=0 and = signaling the coexist- value in the ground state of the local density opepahave
ence of FM and AF domains as expected in a phasealso been monitored. Note here that the DMRG method
separated regime. This is in agreement with the previousvorks using open boundary conditions and, as a conse-
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FIG. 4. (a) Inverse compressibility &/ vs densityn, working at FIG. 6. (a) Inverse compressibility &/ vs V working at Jy

Jy=40, U=16, V=0, J'=0.05, and using 20 and 40 sites. The =40, U=16, J'=0.05 and densitn=0.85(i.e., in the region of
results show that near~1 andn~0 phase separation occurs, as phase separation fof=0). Shown are results using 40 sitesx 1/
shown in Fig. 2a) even including a large on-site repulsith (b) becomes positive for an intersite Coulomb interacbn0.5 mak-
Static spin structure factdB(k) vs momentunk/« for the same ing the ground state stablé) S(k) for the parameters used ()
Jy,U,V couplings used irta), J' =0.05, 40 sites, and several den- and two values o¥ (actually results foiV>1 are similar to those
sities. The result ah=0.85 illustrates the coexistence of FM and of V=1).
AF features.

less fermionic system due to the ferromagnetic character of
guence, the on-site density changes from site to site. In Fighe ground state, while at=0.85 it develops structure at
5(a) results an=0.75, where the compressibility is positive small wave numbers related with the inhomogeneous distri-
and S(k) peaks atk=0, show that aside from a boundary butions of charge.
effect involving about three sites at each chain end the local In short, the results of this subsection have shown that the
density only slightly Friedel oscillates around the global denKondo model with localizeds=1/2 spins, and with the ad-
sity. On the other hand, in the presumed to be phasedition of aJ’ coupling among them, has a qualitative phase
separated regime the local density changes substantially asdeagram similar to the results presented before in the classi-
function of the site position. Most of the holes are near the cal limit for the t,4 spins in Refs. 5 and 7. This conclusion
boundary and the local density changes abruptly betweedoes not change even if an on-site repuldibiof moderate
two values, which are the extreme stable densiti@s75 and  strength is incorporated in the problem. Then the present
~1 as expected. Also the charge structure fabttk) [Fig.  analysis has allowed us to fix the parametggsU,J’ such
5(b)] has the characteristics corresponding to phase separtrat the physics under investigation, focused on phase sepa-
tion, namely an=0.75 it behaves as a noninteracting spin-ration and ferromagnetism, is realized in the ground state of

the model Eq.(1). Thus, the problem is now ready for the

) N(k) - analysis of the influence of on the phase diagram.
i
095 025
) IV. RESULTS INCLUDING A REPULSION V
0.90 1 0.20 + A. Influence of V on the phase separated regime
0.85 | TheV term will now be switched on at a density such that
0.15 phase separation occurs in the ground state. In Fa.tbe
0.80 | inverse compressibility is shown as a function\biising a
0.10 40-site chain. The results show that the unstable region ob-
075 1 served atv=0 in the previous section now becomes stable
070 b Y < 0.85 005 | whenV>0.5. Then, in agreement with the introductory dis-
' V e n=075 cussion, phase separation is severely affected by Coulombic
0.65 e 0.00 . interactions beyond the on-site term. However, here it is in-
0 4 8 12 16 20 0.0 0.5 1.0 teresting to observe that vestiges of phase separation survive

I kim even up to large coupling¥. For instance, consides(k)

FIG. 5. (a) Local density(n;) vs position along the chainfor  Which is shown in Fig. ). At V=1, a double-peaked struc-
the same couplings as in Figi@ The chain length is 40. 1 is the {Ure is observed, as it occurs\at=0, but now with maxima
first site of the chain starting from the left. 20 is the center of thedeviated from 0 andr forming incommensurate structure.
chain. The results for>20 are obtained by reflection. Shown are Results at other values ®>1 (not shown are very similar
data forn=0.75, representative of the ferromagnetic region, andto those atv=1. Then, the ground state properties do not
n=0.85, which belongs to the phase separated regileCharge  seem to change abruptly wit but smoothly. Even ground
structure factoN(k) at the two densities used {a). states that have been stabilized by the Coulomb interaction in
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FIG. 7. (a) Local density(n;) vs position along the chainat
n=0.85. For the site convention see the caption of Fig).5The
couplings and density are the same as in Fig).6The solid
(dashedlline represents results faf=0 (V=4). (b) N(k) for the
two values ofV used in(a). The rest of the couplings and density
are as in(a).

FIG. 8. (a8 Spin structure factorS(k) working with Jy
=40, U=16, J'=0.05, n=0.6, 20 sites, and the values ¥gfin-
dicated.(b) Local density(n;) for the same couplings and density
as in(a). Results for a chain of 20 sites are shown.l is the site
at the extreme left of the chain. The results forl0 are obtained
by reflection of the numbers shown. The result¥at0 are almost
uniform while atV=8 they present clear large oscillations.
this regime contain a spin structure-factor with remnants of

FM and AF domains. It is only the macroscopic accumula-slightly from k=0. At V=12 a very broad peak is the only
tion of charge that is penalized by ~ remnant of the ferromagnetic structure at small

In Fig. 7(a) the local density is shown for the case of six  To understand the reason for the complicated behavior of
holes on a 40-site chain. The accumulation of charge near thg ) the local density ah=0.6 is shown in Fig. &). At
boundary characteristic of phase separatio’VatO is re- \/—q it is almost uniform as expected in a ferromagnetic
placed by a fairly clear periodic distribution of charge\at  state. However, aV=8 a charge-ordered pattern is ob-
=4. This occurs not only a¥=4 but in a wide range of gerved. This is in agreement with the previously discussed

couplings. The replacement of phase separation by a stafgsylts atn=0.85 which showed a similar tendency. How-
with charge-ordering tendencies was expected based on t er, note that now most minima in the local density in-

discussion given in the Introduction. The density where thg,g|yes only one site, instead of four as in Figa)7 For this
“holes” are mostly located is close to 0.7. There is no clus-|attice and number of electrond2 of them on a 20-site
tering of charge at large. From Fig. 7b) it can be observed cnain, the charges cannot arrange themselves in a periodic
that the charge structure-facti(k) atV=4 develops avery stycture, causing the incommensuratelike peal§(k) at
sharp peak ak=2mn due to the periodic arrangement of \/=g The replacement of a metallic FM state by a state with
charge in the ground state. y charge-ordering tendencies is also clear in Fig) Svhere

It is interesting to notice that the positions where theN(k) is shown. AtV=8 a large peak is observed &t
“holes™ are in Fig. 7@ (V=4) are actually made out of _5:n Also the real-space density-density correlatiois)
four sites instead of one. Then, the holes are not fully statighown in Fig. 9b) (for its definition see Sec. Jlindicate
but they have some mobility, and it is natural that to enhancgyyong effects in the charge sector at short distances: while at

this mobility the spins must be aligned. Then, the large FMy/— o these correlations are not negligible only at distances
regions at smalV in the regime of phase separation are now; —g gnd 1. atV=8 the same correlations have been en-

replaced by periodically distributed small regions resembling,gnced and they are now robust also at distances 2 and 3.

magnetopolarons. This is among the most important results \yqrking at exactlyn=0.5 the incommensurate structures
discussed in this paper. observed ah=0.6 should disappear. In Fig. () the local

density is shown for a 20-site cluster and several valuas of

B. Influence of V on the ferromagnetic regime At V=0 the density is exactly uniform for symmetry rea-

sons, but as soon asis switched on a charge-ordered pat-
After analyzing in the previous subsection the influence oftern clearly emerges. At this density a soliton at the center of

V on the properties of a phase-separated ground state netae chain appears justifying the reduction (in;) towards
n=1, let us study what occurs when a NN-Coulomb interacthat centerN(k) in Fig. 10b) also presents a clear peak at
tion is switched on in a fully ferromagnetic ground state.k= 7 which grows withV, in agreement with the previous
Such a state can be easily obtained in the present model Egdiscussion. Then, from the analysis of the densities0.6

(1) simply using a density, e.gn=0.6 where the double- and 0.5 it is concluded that a tendency to charge ordering, at
exchange ideas are operative. The resultSfé) are shown |east at short-distances, is obtained once an intersite Cou-
in Fig. 8(@. While atV=1 (and smaller valugghe peak at lomb interactionV is introduced in a fully ferromagnetic
k=0 characteristic of ferromagnetism remains strongy at state. This statewhich here is referred to as charge-ordered
=8 it has reduced substantially its intensity and movedCO) for simplicity although the large distance behavior is
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FIG. 9. (8 N(k) vsk/m for the couplingsly ,U,J" and density | FIG. 11. @ Ned (seg te>_<) vs V for thg samely ’.U"] ! Qha'.n
of Fig. 8@a), and two values o¥ (indicated. The chain has 20 sites. _ength, and density as in Fig. @'. In th_e inset the first derlyatlve
At V=8 the large peak suggests strong charge correlations in the shown.(b) Charge ga_mc as defl_ned n t?Xt v¥. The couplings,
ground state(b) Density-density correlationS(i) (for its definition chgln Igngth, and Qen5|t¥ are as(®. The inset shows the second
see text vs distancei, at the same couplings, chain length, and derivative. For a discussion see text.
density used in@). Enhancement of charge correlationsvat 8 is

observed. critical V leading to charge ordering a careful finite-size

study is needed, beyond the scaqped numerical accuraty
difficult to analyzg occurswithin the ferromagnetic phase, .Of t_he present paper. However, n orde_r to gain a’g least some
i.e., through a calculation &(k) the spins were found to be |n_s|ght from thg 20-site pluste(, the f|rs_t derivative .de
fully polarized unlessV reaches larger values than thoseW'tlh rles_pect o/ '3 s_hown m_th_e inset of F'g' Jﬁ).JPrewzuls
shown in Figs. 1(a) and 1@b). A similar result was reported calcu atlspns studying variations around trteJ model
in Ref. 32 using a path-integral approach. shpwed that the critical point is Iocateq at the mflecupn
In order to monitor the development of charge correla-PoINt of thengq Vs V curve. The calgula'tlon shown n Fig.
tions in the ground state the mean valuengf=;_ qd N\ 11(a) suggests tha_lt th-e grmcal coupling is rou.ghly estmated
—n;,,) has been studied before in other mod&lks expec- to be .atVC~2, Wh'Ch. is in good agreemgnt with the_ cr|t|cal
tation value should be zero in a metallic state, but nonzero iﬁol\ll"p“ng ?qrreiptgrrlhdlng rt]o a model Xf s’\pl)lrlilefsEfel\rlmlgrlls with
a system with charge order. Results for a chain of 20 sites ardy_repulsion: The charge gapAc(N,L)=E(N+2L)

- 2 X ;
shown in Fig. 113). Although nonzero for all values of 1 E(N—2.L)—2E(N,L)=4L/N°« was also studiedFig.
g 1 9 1(b)]. The second derivative of this quantity with respect to

#0, this result suggests only a tendency towards the forma==, )
tion of a charge-ordered state. For a proper analysis of th IS a's‘? peaked aroun_drz, as in the case .qﬂnCd/dV' .
hen, this(rough analysis suggests that a critical coupling

V.~ 2 separates two ferromagnetic regions, one charge dis-

1.0 (a)' :----'v-o' 1.0 ordered and the other with at least short-distance charge-
n) v vez {N(k) ordering tendencies. However, further work is needed to es-
08 b ! V=4 08 | tablishV, more accurately.
06 06} V. PHASE SEPARATION IN THE SMALL ELECTRONIC
DENSITY REGION
04 } 04} In the loweg-density region, a nearest-neighbor repulsion
is not expected to affect the ground state properties substan-
tially since the mean distance between electrons is large.
027 02 Coulombic interactions at distances larger than one lattice
spacing would be more important in this regithet they are
0.0 e 0.0 , difficult to study with the DMRG method To verify that
0 2 4 6 8 10 0.0 0.5 1.0 indeedV is not playing an important role at smal| in Fig.

[ k/m 12(a) the inverse compressibility is shown for three values of
V. While phase separation at large density1 is affected
by V (as discussed in previous sectipasid x changes sub-
stantially at intermediate densities, the results at low density

FIG. 10. (a) Local density(n;) corresponding to a 20-site chain
with J4,=40, U=16, J'=0.05, n=0.5, and the values of indi-
cated in the figure. The development of charge oscillation¥ as '
grows is clear in the figurel) N(k) vs k/= using the same cou- N=<0.20 are almosV independent.
plings, chain length, and density as (@. The development of a Let us investigate the properties of the phase-separated
large peak ak= is also compatible with the stabilization of a regime at smalh andV=_0. The results for the spin structure

charge ordered pattern. factor are shown in Fig. 1B). At n=0.20, a clear signal of
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FIG. 12. (a) Inverse compressibility X/ vs densityn, usingJy
=40, U=16, J'=0.05, and the three values ¥®findicated. The FIG. 14. Phase diagram of the Ferromagnetic Kondo model with

numbers are obtained using chains with 20 and 40 sites. The results1-site and intersite Coulombic interactions, usBw1/2 localized
show that the compressibility is very large at low densitéfias  spins,Jy=40, J'=0.05, t=1, and in one dimension. The results
virtually no influence on this region of the phase diagr@on.S(k) are semi-quantitative since only a finite number of densities can be
for the same couplingdy,, U, andJ’ used in(a), a chain of 40 achieved with clusters of 20 and 40 sites. Thus, small scale oscil-
sites, and using/=0. The densities are shown. The resultsnat lations have been smeared out in constructing this figure. PS1 de-

=0.10 and 0.05 illustrate the coexistence of FM and AF features.notes the regime of phase separationatl, while PS2 indicates a
similar regime but now at~0. Both extremes=1 andn=0 have

ferromagnetism is observed, withxlbeing slightly positive ~ Strong antiferromagnetiéAF) correlations as indicated. FM denotes

(stablg. However, atn=0.10 and 0.05 a coexistence of a regime where the spin is fully saturatétie total spin is maxi-
: d mum). Partial FM is a regime where the total spin is between the

weight both atk=0 and = appears, signaling the expecte _ tible with the clust 4 densit d and th
regime that separatés electron-rich spin-ferromagnetic and m;);:Tr?uurTr? ((:;::ga'l Ce V:’r'] dicatZsC u; e{eigencenst'oy l]fssm’ asnin- €
(i) electron-undoped spin-antiferromagnetic states. Th ' . . y P

. . incommensurate structuréfr a discussion see textCD means
presence Of. PS. can also be inferred fro”? the local denS'tycharge disordered.” Reciprocally, CO means “charge ordered,”
(ni) _showr_l in Fig. 18). At the S.table .denS'ty':O'25’ ar_ld which in this case only means that in the ground state strong short-
leaving aside boun(_jary effects |ny0lV|ng al_)ou_t three sites Afistance tendencies to charge ordering have been identified
each.end, the density presents Fr.|edel o§C|IIat|ons around tljgrge distance behavior remains to be analyzdthe point and
densityn [actually the results at this density could have beeryashed line an=0.5 andV=2 should only be considered as a

obtained directly from those of Fig(& atn=0.75 since in  tentative rough boundary between the CD and CO regimens. It
represents the evidence discussed in Fig. 11 of a singularity in some

observables separating the CD and CO regions within the fully

3.0

<ni> (aA) n=0.1 S(K) (b) saturated ferromagnetic state.
030 A —== =028 4,51
:’ \‘ I/\ A AN — nco4 the fully spin-aligned state low and high densities are exactly
AV A 20 ) =--—-n=02 related by symmetry However, atn=0.10 the four elec-
020 } '3 trons present in thé =40 system accumulate at the center,
! 15} ] leaving about ten sitega quarter of the lattigevirtually
i empty on each end of the chain. This is the way in which
li 10 | ] phase separation seems to manifest itself when clusters with
0.10 1 open boundary conditions are used. The central cluster of
o5 | \ / electrongwhich hasn~0.2, i.e., the lower limit of the den-
' sities which are stable according to Fig.(42 was found to
be spin ferromagnetic as expected. Finally, to further confirm
0.00 0 4 8 12 16 20 0'00_0 05 1.0 thatV does not influence severely on the low-density regime,
i in Fig. 13b) S(k) is shown now aV =8 for two densities. If

i kit
. _ ) n=0.20, the system is ferromagnetic, while for=0.10,
FIG. 13. (a) Local density(n;) for the same couplingd ,U,J once again a coexistence of FM and AF features is observed,
used in Fig. 168), andV=0. The chain used has 40 sites. Results 55 i the absence of the intersite Coulomb interaction.
are shown fon=0.25 where the densities are very simillEaving
aside a boundary effect neer=1), and atn=0.10 where charge
accumulates at the center due to phase separation tendencies in the VI. CONCLUSIONS

ground state(b) S(k) atJ, =40, U=16, J'=0.05, V=38, and for

the two densities indicated. The number of sites is 20. The result at In this paper the influence of a nearest-neighbor Coulomb
n=0.1 shows that even including a laryethe coexistence of FM repulsionV betweene, electrons was studied using the fer-
and AF features persists. romagnetic Kondo model. The main goal of the paper was to
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analyze the evolution witl of the ground states in the re- PS2 is not affected by since the mean distance between
gimes of (i) the recently computationally discovered carriers is large at low density. Here phase separation persists
phase-separation’ and (i) with ferromagnetism induced by up to large values of. Presumably longer-range Coulombic
the double-exchange mechanism. Spin and charge correlgerms are needed to melt this regime, and induce the charge-
tions were studied in detail. The computational work usingordered pattern found in experiments for manganites.
DMRG was made possible by restricting the spatial dimen- Another of the main results of the paper is the stabiliza-
sion to 1, the localized spin value to 1/2, and using onlytion by NN-Coulomb interactions of a ferromagnetic state
one-orbital per site. These limitations prevent us from makwith charge periodically distributed at least at short dis-
ing detailed quantitative statements about the effect of Coutances. This state is expected to be an insulator but a calcu-
lomb interactions on real manganite compounds. Actually ifation of the Drude weight is needed to confirm this conjec-
is unrealistic to expect that accurate numerical work will beture. This occurs in the vicinity oh=0.5 (Fig. 14. The
possible in the near future for large enough clusters in dielectrons gain kinetic energy by keeping the spin background
mensions larger than 1, considering the Coulombic interacfully polarized and they avoid the Coulomb repulsion by
tions included here. However, several qualitative feature$orming a charge pattern which is approximately periodic.
have emerged that seem robust enough to survive an increaBer n# 0.5, the charge structure factor peaks away flom
in dimensionality. =, signaling a(natura) tendency to form incommensurate
The overall phase diagram in thén plane found in this charge arrangements, but its strength is weaker tham at
study is presented in Fig. 14. In the limit=0, two regimes =0.5. Then, the present calculation suggests that the ferro-
of phase separation were observed nearl (PS) and O magnetic phase of the manganites may coexist with charge
(PS2 (in excellent agreement with Ref).7In between, a ordering tendencies which are maximizednat0.5. Likely
robust ferromagnetic phase was observed with no indicationthese tendencies are more dynamic than static. Note that re-
of strong charge ordering tendencies. However, when theent experimental results by Chen and ChedRgf. 35
Coulomb repulsiorV is included in the calculation the PS1 have reported the existence of weakly incommensurate
regime rapidly becomes unstable due to the expected energharge ordering in LgsCa, sMnOj3 using electron diffraction
penalization caused by the charge difference between the twtechniques. Our results suggest that this phenomenon may
competing phases. At these densities, thterm induces a originate on the influence of NN-Coulomb interactions on
regular arrangement of charge which resembles a polarogouble-exchange induced ferromagnetic phases of the man-
lattice. Each hole is spread over four lattice sites in the reganites.
gime of parameters investigated in Figa)Z This picture
gives support to the intuitive notion that visualizes a phase
separated state with extended Coulomb interactions included
as a collection of small “islands” of one phase embedded A.L.M. acknowledges the financial support of the Con-
into the other. This result is in good agreement with a largeselno Nacional de Desenvolvimento Cidicb e Tecno-
body of experimental work in manganité$’~2*Vestiges of  10gico (CNPg-Brazi), as well as partial support from the
the phase separated regime are observed in the spin structiNelMFL In-House Research Program, supported under Grant
factor which has weak incommensuratelike peaks both ned¥o. DMR-9527035. S.Y. and E.D. were supported by the
k= and 0. In the other extreme of low electronic density, NSF Grant No. DMR-9520776.
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