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Charge and spin inhomogeneous phases in the ferromagnetic Kondo lattice model
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We study numerically the one-dimensional ferromagnetic Kondo lattice. This model is widely used to
describe nickel and manganese perovskites. Due to the competition between double and superexchange, we
find a region where the formation of magnetic polarons induces a charge-ordered state. This ordering is present
even in the absence of any intersite Coulomb repulsion. There is an insulating gap associated to the charge
structure formation. We also study the insulator-metal transition induced by a magnetic field, which removes
simultaneously both charge and spin ordering.
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I. INTRODUCTION

A paradigm in condensed matter springs up as a co
quence of the growing body of experimental evidence s
gesting different types of inhomogenous states in stron
correlated systems with competitive interactions. The sim
taneous appearence of charge and spin superstructures s
to be present in completely different systems. For exam
charge, lattice, and spin modulations with a dopin
dependent wave vector have been observed in La22xSrxNiO4
by means of neutron scattering1 and electron diffraction.2

Stripe formation, together with incommensurate spin fluct
tions in high-Tc superconductors can also be regarded a
manifestation of similar phenomena.3 The charge and spin
ordering found in many of the doped manganese perovsk
fall in the same category. Experiments have revealed ch
ordering~CO! at half-filling in Nd0.5Sr0.5MnO3 ~Ref. 4! and
similar compounds, such as Pr0.5Ca0.5MnO3.5–8 More recent
interest has focused on electron doped charge-ordered
ganites. The first observation of charge, orbital, and magn
ordering in electron doped manganites dates back to
work of Wollan and Koehler9 on La12xCaxMn O3. Several
works confirmed the observation of this behavior in oth
compounds.10–12 CO has also been found for other dopin
as in Bi12xCaxMnO3 ~Ref. 10! and in La12xCaxMnO3
~doped withPr), Ref. 12 forx> 1

2 ~few electron region!.
Manganese oxides have been intensively studied du

the recent years due to their collosal magnetoresista
~CMR! effect, i.e., a large change in the resistivity acco
pained by a transition from an insulating antiferromagne
~AF! or paramagnetic state to a ferromagnetic~FM! metal. In
the above-mentioned cases, the AF state also exhibits ch
ordering, and the insulating gap is associated to the for
tion of the charge structure.

Numerical studies for several dopings13 have included the
effect of nearest-neighbor density-density repulsionV and
obtained a very rich phase diagram. The diagram inclu
phase separation for either extreme dopings (x.0 or x.1),
and CO for concentrationx.0.5. Using Monte Carlo tech
niques, Yunokiet al.14 studied the half-filled case (x50.5)
including botheg orbitals. They found that the CO phase
0163-1829/2002/65~13!/134444~8!/$20.00 65 1344
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stabilized by Jahn-Teller phonons. However, as it is m
tioned in their work,14 the z axis stacking of charge and th
existence of bistripes atx.0.5 ~Ref. 11! are both penalized
by a large Coulomb interaction. This observation indica
that the Coulomb repulsionV is smaller than the value re
quired to drive a charge ordered state.

Unlike nonmagnetic materials, where the Peierls insta
ity or large intersite Coulomb interactions are required to
CO, we show here that charge-density waves can resu
manganites from the formation of magnetic superstructu
arising from the presence of competing interactions. A v
rich family of inhomogeneous spin and charge structure15

can be obtained with this mechanism, by changing the car
concentration or the ratio between the competing inter
tions.

In order to illustrate our proposed mechanism, we w
study here a simplified model where the competing for
are represented by the double and superexchange int
tions. The ferromagnetic Kondo lattice model~FKLM !, pro-
posed to describe the manganites, was studied originally
de Gennes.16 One of the most intriguing questions related
this model is: what are the emerging phases when the c
peting interactions are energetically similar? de Gennes
posed canting of two interpenetrating lattices as the comp
mise solution for this competition. This concept was us
subsequently in recent analytical approaches.17,18In addition,
phase separation has also been considered as a possib
lution for this competition.19,20 In contrast, in the presen
paper we find spin phases that cannot be described in te
of two interpenetrating sublattices nor do they correspond
phase separation.

As a result of the competition between the double e
change~DE! mechanism that delocalizes the hole, and
superexchange~SE! between local spins, different phase
may appear, such as ferromagnetism in one extreme, an
romagnetism in the other, and doping-dependent modula
charge and spin order in between. Forx51/2, we do not find
charge ordering forV50. However, for concentrations awa
from half-filling, we obtain charge modulation even in th
absence of Coulomb interactions. This state can be descr
©2002 The American Physical Society44-1



c

in
t

io
th
a

et
ec
th
c
u
s
io
n

te
ys

f
w
si

c
rip
o
cu
f
i

by

en
n
o
f

M
e
th
d
n
t
rm
he
e-

e-
a

n-
for

o
ing
es

a-
d
n-
m-

e

tion
we
ure
if-
ed

ases
up

ted

are
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as an ordered phase of FM islands where carriers are lo
ized.

Since the charge modulation is driven by the AF order
between the islands, the transition to a FM state destroys
charge ordering, closing the insulating gap. This transit
can be induced by applying an external magnetic field. If
energy difference between the AF-charge-ordered phase
the FM state is small, the transition is induced by a magn
field that can be generated in the laboratory. In this resp
this mechanism gives a natural way to understand how
interplay between charge and spin degrees of freedom
induce a collosal magnetoresistive effect. The complete
derstanding of this phenomena in manganites require
more detailed study, exploring regions of concentrat
where there is no charge ordering since the concentratio
particles is not commensurate with the lattice.

To study the insulator-metal transition we have compu
the Drude weight by exact diagonalization of finite-size s
tems. The phase diagram has been computed using
density-matrix renormalization group~DMRG!.21,22 The en-
ergy of the different phases has been computed exactly
the case where the localized spins are classical. In this
we compare the phase diagrams correponding to the clas
and quantum limits of the spin variables.

In the following section we introduce the model. In Se
III, we study the phase diagram making a detailed desc
tion of its different phases and the way they have been
tained. In Sec. IV we study the charge excitations by cal
lating the Drude weight, the charge gap, and the effect o
magnetic field on the metal-insulator transition. Section V
devoted to the conclusions.

II. THE MODEL

In the manganese oxide compounds, the Mn41 ions con-
sist of three localizedt2g

3 orbitals that can be represented
an S53/2 spin due to the large Hund interactionJH . The
Mn31 ions have an additional electron in the doubly deg
eratedeg orbital ~where the degeneracy is lifted due to Jah
Teller interactions!. To describe this system we use the s
called FKLM.23–25 This Hamiltonian includes a lattice o
localized spins coupled viaJH to itineranteg electrons,

H52t (
^ i j &s

~cis
† cj s1cj s

† cis!1U(
i

ni↑ni↓1V(̂
i j &

ninj

2JH(
i

Sisi1K(̂
i j &

SiSj ~1!

where nis5cis
† cis and ni5ni↑1ni↓ . The first term repre-

sents theeg-electron hopping between nearest-neighbor
ions at sitesi and j. The second and third terms are th
on-site and nearest-neighbor Coulomb repulsions for
same orbitals.JH is the Hund’s coupling between localize
Si , and itinerants i spins. We will denote the concentratio
of holes byx, i.e., (12x) is the concentration of itineran
electrons. Hund’s interaction together with the hopping te
give rise to the DE interaction that favors FM ordering of t
local spins.K is the antiferromagnetic SE interaction b
13444
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tween local spins (t2g
3 electrons!. This term stabilizes the AF

phase forx51, and competes with the DE term for interm
diate fillings. For completeness we add the effect of
nearest-neighbor repulsionV when consideringx50.5. The
localized spins are taken asS51/2, instead ofS53/2, to
simplify the calculations. The model is studied in one dime
sion ~1D!, since the basic features of the phase diagram
the 3D case appear in one and two dimensions as well.24,26

Experiments indicate thatJH@t. For this reason we fix
the values ofJH520t and U510t. Then, the only free pa-
rameters areV andK. For the large value ofJH used in this
paper, the results are not sensitive toU since double occu-
pancy is suppressed byJH . For this reason, we propose t
use at-J model for the conduction electrons, hence reduc
the Hilbert space by eliminating the doubly occupied stat

H̃52t (
^ i j &s

~ c̄is
† c̄ j s1 c̄ j s

† c̄is!1J(̂
i j &

s is j1V(̂
i j &

ninj

2JH(
i

Sis i1K(̂
i j &

SiSj , ~2!

where c̄is
† 5cis

† (12ni s̄) and c̄is5(12ni s̄)cis
† , are the cre-

ation and anihilation operators of constrained fermions~no
more than one electron per site!. Strictly speaking, the ex-
change between twoeg electrons depends on the configur
tion of the localized spins, involving a more complicate
form of the reduced Hamiltonian. However, we are co
cerned with the low-energy properties so that simply assu
ing the above form~2! with J54t2/(U1JH) is sufficient.
From the expression forJ, we see that the condition for th
validity of H̃ as a low-energy effective theory forH is t

!U1JH . We have checked on small systems thatH̃ gives
similar results as the full HamiltonianH. We will use H̃ to
calculate the Drude peak and the charge gap~see Sec. IV!.

These models are solved using exact diagonaliza
~Lanczos! and DMRG techniques in open systems. When
used DMRG, we took special care in the growing proced
to avoid lattice frustration. For instance, we considered d
ferent right and left blocks. We obtained maximum discard
weights of the order of 1025 using the finite-size algorithm
and keeping 150 states. To characterize the different ph
we calculated static correlation functions for system sizes
to L540 sites. This is described in the following section.

III. PHASE DIAGRAM

The charge and spin-correlation functions are compu
for the complete HamiltonianH @Eq. ~1!#, using DMRG and
open boundary conditions. These correlation functions
the spin and charge structure factors

S~q!5
1

L (
i , j

ei (Rj 2Ri )q^SiSj&, ~3!

N~q!5
1

L (
i , j

ei (Rj 2Ri )q^~ni2n!~nj2n!&, ~4!
4-2
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CHARGE AND SPIN INHOMOGENEOUS PHASES IN THE . . . PHYSICAL REVIEW B 65 134444
wheren512x is the average number of electrons per siteL
is the chain length, andSi is the localized spin operator a
site i. Both correlation functions are used to build the pha
diagram ofH. We describe below the different phases o
tained in this way.

A. Ferromagnetic phase

WhenK!t the local spins are aligned in a FM state@Figs.
1 and 2~a!#. At the cost of the AF interaction, the syste
gains kinetic energy when neighboring spins are parallel
this situation, the itinerant electrons can be mapped
spinless fermions because the large Hund’s interaction
the FM ordering of the localized spins force the band el
trons to be fully polarized.

The charge correlation function for the spinless model
be calculated analytically. It has the shape of a trunca
pyramid. The truncation begins atq52kF , where for the
spinless casekF5p(12x). This is shown in Fig. 3 forx
51/2. The oscillations are due to the open boundaries c
ditions. For this case, a charge-ordered phase sets in whV
reaches the critical valueVc52t. There is a region above

FIG. 1. Phase diagram forx51/2. The circles indicate the point
where calculations have been performed. CO,I and M stand for
charge order, insulating, and metallic phases, respectively.
FIM, AF, andp/2 stand for ferromagnetic, ferrimagnetic, antiferr
magnetic, andq5p/2 spin phases, respectively.

FIG. 2. Spin correlations for the different phases foundV
50): ~a! Ferromagnetic phase~FM!; ~b! islandlike phase~ILP!; ~c!
antiferromagnetic phase~AF!
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this critical value where the spins remain ferromagnetica
ordered. However, larger values ofV inhibit the DE mecha-
nism by localizing the charges, and other spin orderings a
~Fig. 1!. For V50, our numerical calculations for the fully
quantum case (S51/2) lead to an upper boundary of the F
region atK50.2t.

B. Island phase

When the localized spins are considered as classical
grees of freedom, canted or spiral states have b
proposed16 for the transition between the FM (K/t50) and
the AF states (K@t). These phases are obtained by var
tional methods that exclude inhomogeneous states as ca
dates to be the ground state. A more complete calcula
with classical spins27 shows that the 2kF instability of itin-
erant electrons in one dimension leads to the type of spin
charge ordering that we find with our numerical calculatio
with quantum spins. Indeed our DMRG results confirm a
extend this picture. For the intermediateK/t regime, the spin
and charge structure factors peak atq5kF andq52kF , re-
spectively, (kF corresponds to the spinless case!.

The following are the results for some particular filling
~a! x52/3. In this case the phase roughly consists of F

islands of three spins, which are aligned antiferromagn
cally (↑↑↑↓↓↓↑↑↑↓↓↓). The spin structure factor for the
fully quantum case is shown in Fig. 2~b!. Two well defined
peaks are observed atq56p/3. The nearly logarithmic in-
crease of these peaks with the system sizeL @see Fig. 4~b!#
indicates a power-law decay with exponent 1 for the sp
spin correlation as a function of the relative distance. Ho
ever the system sizes considered here do not exclude o
possible values for this exponent. In any case, the linear
crease of the peak in a logarithmic scale indicates that
correlations are quasi-long-ranged. The absence of real lo
range order is a consequence of the one-dimensional cha
ter of the model and the SU(2) continuous symmetry. T
same behavior is observed for the other spin structures
scribed below.

In the classical limit there is no effective hopping betwe
spins that are antiferromagnetically aligned sincetclass
5tcos(u/2) ~whereu is the relative angle between the spins!.
Therefore, it is clear that the charge is then localized in e

,

FIG. 3. Charge correlations for the different phases mentio
in Fig. 1 (V50).
4-3
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D. J. GARCIAet al. PHYSICAL REVIEW B 65 134444
island when the spins are classical. For the quantum cas
charges are still localized because the effective hopping
tween spins in the same island is still larger than the hopp
between spins in different islands. The last observation
the fact that there is one electron per island allows one
understand the opening of a gap atq5kF .

The localization of the charge is confirmed by the nonu
form distribution shown in Fig. 5~c!. The translation symme
try of H is spontaneously broken in the thermodynamic lim
for the charge-ordered state. Even though the symmetr
only broken for the infinite-size chain, the DMRG proce
selects one of the broken-symmetry states also for fi
chains. The charge occupations per site~0.45 in the borders
and 0.27 in the center! are very close to the values expect
for the classical limit~0.25 in the borders and 0.5 in th
center for a three-site open chain!. Consistent with this pic-
ture, the charge-charge structure factor@Fig. 3~b!# shows re-
markable peaks forq562p/3. Figure 4~a! shows that the
intensity of these peaks scales linearly withL. This is evi-
dence of long-range charge ordering. This behavior is a
found for other commensurate fillings, e.g.,x51/3.

FIG. 4. ~a! Charge and~b! spin peak-height scalings in th
island-type phases. The spin correlation is plotted on a semilo
rithmic scale.

FIG. 5. Charge mean values~bars, right axis! and spin real space
correlations~squares, left axis! for the island-type phases. The hor
zontal line represents the average charge.
13444
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~b! x51/3. The classical image of the intermediateK/t
phase for this filling is↑↑↓↑↑↓↑↑↓↑↑↓. Here we find two-
site FM islands separated by an antialigned spin@see Fig.
5~a!#. S(q) shows peaks atq562p/3 @see Fig. 2~b!#. From
the real space spin-spin correlation function we can rule
the uniform spiral phase since the ‘‘islands’’ are clearly d
tinguishable~this is also valid forx52/3). In a classical
image, the charge distribution should present one electro
the down-spin and another electron distributed between
two parallel spins. Our numerical results show a density
approximately 0.6 electrons on the parallel up-spins~FM
spins! and 0.8 on the antialigned spins. In this case, the
clusion of a hopping between the up and down-spins is
sential to describe the numerical results.N(q) shows the
expected peaks atq562p/3 @Fig. 3~b!#. The peak near zero
is due to finite-size effects.

One interesting point is that for classical spins there
electron-hole symmetry; i.e.,x and (12x) should exhibit the
same phase for a given set of parameters. The absence o
symmetry for quantum spins is reflected in our results@the
island-like phase~ILP! for x51/3 is different from the one
corresponding tox52/3#.

~c! x51/2. In this case the FM islands contain two spi
and, as in the previous cases, the islands are antiferrom
netically ordered: (↑↑↓↓↑↑↓↓). S(q) shows a clear peak a
q56p/2 as it is expected for a unit magnetic cell containi
four spins~see Fig. 2!. The same structure has been obtain
with the Monte Carlo method for classical spins.25 However,
this state has been interpreted as a spiral phase. Other
sical Monte Carlo calculations28 confirm the peak atq
5p/2; but instead of a spiral phase, they show the isla
state that we obtain with quantum spins. The effective h
ping alternates between two values from one bond to
next one in this particular island phase being larger betw
the parallel spins. This alternation of the hopping does
induce any charge inhomogeneity, i.e., ifV50 there is no
charge-density wave for this concentration~see Figs. 4, 5,
and 6!. However N(q) differs from the FM case. This
change is related to the presence of bond ordering~dimeriza-
tion!. The charges are ‘‘localized’’ in bonds due to the pa
ticular spin structure generated by the two competitive int
actions. It is well known that this type of ordering also ope

a-
FIG. 6. On-site charge mean values forx51/2 in the FM

~black!, ILP ~striped!, and AF~empty! phases.
4-4
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a charge gap that gives rise to an insulating behavior. We
come back to this in Sec. IV. The shape ofN(q) is closer to
(12cosq)/4 ~charge structure factor of a completely dime
ized state! as a consequence of the enhancement of
charge correlations within the islands~bonds!.

The above results are forV50. When increasing the Cou
lomb interactionV, a CO phase appears forV.2t, as hap-
pens in the spinless model. ForV*2t, the usual CO phase
with a charge structure factor peaked atq5p is obtained.
S(q) still has a peak atq5p/2 ~Figs. 1 and 7!. Larger values
of V inhibit the double exchange mechanism since the cha
fluctuation are strongly supressed. The magnetic correlat
change then fromq5p/2 to a ferrimagnetic~FIM! CO
phase. This phase can be schematically represented
⇑↓⇑↓⇑↓, where the total spin per site is alternating betwe
S51(⇑) andS51/2(↓). TheS51 spin at sitei corresponds
to the local triplet state forced byJh between the itineran
electron and the localized spin at the same site.

The same calculations forx54/5 and 3/4 show spin an
charge correlation functions consistent with the formation
five and four FM-spin islands, respectively. These structu
could be regarded as a crystallization of the magnetic
larons described in Ref. 29 for the dilute limit. It is interes
ing to note that charge ordering is induced by spin order
and vice versa. The formation of these superstructures is
a consequence of the interplay between charge and spin
grees of freedom.

C. Antiferromagnetic phase

As K is increased, the AF ordering prevails over the D
mechanism for any concentration. For instance, at half-fill
the transition to the AF phase occurs forK/t.0.7 ~for x
Þ1/2 the transition occurs for smaller values ofK/t). S(q)
shows a strong peak forq5p and the charge is uniformly
distributed along the sample, i.e.,N(q) is broader. As men-
tioned above, a FIM charge-ordered state is obtained
half-filling by increasingV. ~Figs. 1 and 7.! The charges
remain in one sublattice forming a chain with alternatingS
51 and S51/2 spins, which are antiferromagnetical
aligned.

The validity of the picture described above can
checked in the classical limit for the localized spins. W

FIG. 7. Spin and charge correlations for half-filling in the pre
ence of nearest-neighbor Coulomb interaction.
13444
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calculated the contributions of DE and SE to the energy
the different possible phases for each concentrationx. To this
end, we assume that the hopping at the AF bonds istAF

5t/A2 ~the conclusions are the same if we taketAF50).
This value of tAF gives a better agreement for the char
distribution in the ILP states and with the critical values
K/t separating different phases. For instance, forx51/2 we
obtained EFM522t/p1K/42JH/8, Ep/2520.564 761t
2JH/8, andEAF52A2t/p2K/42JH/8. In this way, the se-
quence of stable spin phases as a function of increasingK/t,
FM→p/2→AF, coincides with our numerical results fo
quantum spins@see Figs. 1 and 8~b!#. This simple calculation
clearly shows how the FM state weakens by increasingK/t
and gives rise to more complicated structures when both
teractions are comparable. In this classical picture, a ca
AF phase has a slightly lower energy than the pure AF pha
However, thep/2 island phase remains as the most sta
state over a finite interval inK/t. The same procedure lead
to similar conclusions forx52/3 and 1/3~see Figs. 8~a,c!!.

D. Magnetic mechanism for pairing

As K is further increased (K*t and V50), we find a
peak atq5p/4 in the charge structure factor~Fig. 6!. To
understand the origin of this peak we will consider the effe
tive Hamiltonian that emerges by taking the limit of infini
JH . In this limit, the original HamiltonianH @Eq. ~1!# can be
projected onto the subspace having finite energy, i.e., e
carrier represented by an effective spinS51 and each hole
represented by a spinS51/2. Double occupation is projecte
out for infiniteJH . The projected Hamiltonian can be writte
as

He f f5t(
^ i , j &

Pi , j~2ninj2ni2nj !S SiSj1
1

2
D 1K(

^ i , j &
F ~12ni !

3~12nj !S SiSj2
1

4
D 1

1

2
~2ninj2ni2nj !S SiSj2

1

2
D

1
2

9
ninj~SiSj21!G , ~5!

- FIG. 8. Classical energies for different fillings in the FKLM.
4-5
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where i , j are nearest neighbors andni is the occupation
number at sitei. ni50 if there is a spinS51/2 at sitei ~hole!
andni51 if there is a spinS51 ~one conduction electron!.
Pi , j is a permutation operator between the spins at sitesi and
j. Note that this permutation is operating only between sp
1 and 1/2 due to the factor (2ninj2ni2nj ). This is because
the hopping process is only possible if the occupation nu
bers at sitesi and j are different. The last three terms of E
~5! are derived from the original AF interactionK between
localized spins. This interaction remains the same betw
two spinsS51/2, but the situation is different between a sp
S51 and a spinS51/2, or between two spinsS51. In the
last two cases the effective AF interaction is reduced du
the fact that the localized spinS51/2, which is part of a spin
S51, cannot form a singlet state with its nearest-neigh
spin. While the minimum AF energy for the singlet sta
between two spinsS51/2 ~2 holes! is 2K, the correspond-
ing energy for the doublet between a spinS51 andS51/2
~one particle and one hole! is 23K/4. The singlet between
two spinsS51 ~two particles! has an AF energy22K/3.
The renormalization of the AF interaction gives rise to
attractive interaction for the charge degrees of freedom.
magnitude of this interaction is given byVe f f5E2part
1E2holes22E1part522K/32K13K/252K/6. It is well
known that a nearest-neighbor attraction gives rise to th
different phases depending on the ratio between the attra
interaction Ve f f and the effective hopping (;t/2). If this
ratio is smaller than some critical value (;A2) the system is
a Luttinger liquid, and the metallic correlations are the dom
nating ones.30 Above that value the system remains as a L
tinger liquid but the superconducting correlations beco
dominant. It is precisely in this region where the formati
of pairs gives rise to a peak atq5p/4 in the charge structure
factor for half filling. If the attractive interactionVe f f is
larger than twice the effective hopping (Ve f f.t), the system
segregates into two different phases. One phase is ric
spinsS51/2 ~holes! and the other one is rich in spinsS51
~electrons!. A first indication of this behavior is presented
Ref. 23, where binding and phase segregation is obtaine
a similar model. However the binding energy is overes
mated because the authors have only included the AF in
action between spinsS51/2, i.e., they did not renormaliz
the AF effective interaction.

IV. METALLIC AND INSULATING PHASES

The diversity of phases found for the FKLM sugges
different transport properties. To determine the metal or
sulator character of the phases we have calculated the ch
gap and the Drude weight (V50) for x51/3, 1/2, and 2/3.

The charge gap for systems havingN particles is defined
as

Dc5EN111EN2122EN . ~6!

EN is the ground-state energy of the considered syst
EN11 and EN21 are the ground states forN11 andN21
13444
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particles, respectively. To get the charge gap in the ther
dynamic limit we did a 1/L extrapolation of the gapDc(L)
for different sizes.

The Drude weightD(L) is defined as

2pD~L !5
1

L

]2E

]f2
, ~7!

where f can be interpreted as the magnetic flux inside
closed chain.D(L) was calculated by exact diagonalizatio
in closed chains having eight and 12 sites. The ground s
used to computeD(L) is the one that minimizes the energ
as a function of the fluxf. To reduce the Hilbert space, w
did this calculation with the Hamiltonian~2!. The results
were tested by doing the same calculation with the f
Hamiltonian~1! in a half filled chain with eight sites. We did
not find any substantial variation.

In the FM phase, the charge gap is zero as it is shown
Fig. 9. Consistently with the cancellation of the gap, there
a finite Drude weight that coincides with the one obtained
a spinless model~see Fig. 10!. WhenK/t is large enough to
get into the ILP,D(L) decreases abruptly and approach
zero. This is indicative of a metal-insulator transition. The
results are not conclusive because we cannot solve l
enough chains to make an accurate extrapolation to the t

FIG. 9. Extrapolated charge gap in the thermodynamic lim
The lines are only a guide to the eye.

FIG. 10. Drude weight for different fillings,J/t50.4, V50, and
L512 sites as a function of the superexchange.
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modynamic limit. Another indication of the insulating cha
acter of the ILP state forx51/2 and 2/3 is the finite value o
the charge gap. The gap forx51/2 is greater than the one fo
x52/3, as it is expected from a simple calculation with cla
sical spins. Forx51/3, the gap calculated in the ILP is sma
(Dc,0.05t), but the precision does not allow us to obtain
reliable extrapolation to the thermodynamic limit.D in-
creases for larger values ofK, but it is unclear whether the
AF state is insulating or metallic. The charge gap decrea
and cancels when the AF phase is established~Fig. 9!. The
closure of the charge gap and the finite value ofD suggest a
metallic character for this phase.

To investigate the possibility of an insulator-metal tran
tion with magnetic field applied to the ILP phase, we ha
calculated the lowest-energy state for different magnet
tions (L<40). For x51/2 we found that the total spin in
creases smoothly with field and the charge gap clo
abruptly when the system reaches its maximum magne
tion ~see Fig. 11!. A similar behavior is seen in the ILP o
x52/3. As it is expected, the field needed to induce the tr
sition from the ILP to the FM phase decreases whenK/t gets
close to the critical value. This is shown in Fig. 8, where
compare the energies of the different phases.

V. CONCLUSIONS

In summary, we have presented numerical evidence
the existence of one more type of charge and spin orderin
the FKLM. This mechanism, induced by the competition b
tween double and superexchange, is based on a strikin
terplay between the charge and spin degrees of freedom

FIG. 11. Mean on-site magnetizationSz and extrapolated charg
gap (Dc) as a function of the magnetic field~H! in the ILP phase for
x51/2.
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we have shown in a previous work,29 in the dilute limit each
carrier polarizes its surroundings inducing a FM distortio
The quasiparticles constituted by the electron and the m
netic distortion are called FM polarons. The size of the
polarons is governed by the ratioK/t. When the mean sepa
ration between carriers equals the size of the FM distort
associated to each polaron~FM islands!, the SE interaction
induces an AF ordering between polarons. This is, of cou
a schematic picture since there are quantum magnetic
tuations within and between the islands.

While previous works reported the need of a Coulom
interactionV ~Ref. 13! or electron-phonon couplingl ~Ref.
31! to stabilize a charge-ordered phase, we show that it ar
naturally just by considering the competition between dou
and superexchange.

A great variety of experiments have found simultaneo
charge and spin ordering in manganites. The extraordin
colossal magnetoresistance effect for La0.5Ca0.5MnO3 in-
volves the abrupt destabilization of a CO-AF state by ap
cation of a magnetic field.32 Insulating charge-ordered an
metallic FM regions coexist in (La0.5Nd0.5)2/3Ca1/3MnO3
~Ref. 33! and Pr0.7Ca0.3MnO3.34,35 Both phenomena indicate
that the CO phase is very close in energy to the FM state.
have shown here that a magnetic field can produce an ab
metal-insulator transition by polarizing the local spins a
favoring the double exchange mechanism. For these reas
we think that the phenomenon presented here is relevan
the underlying physical mechanism stabilizing spin a
charge structures in manganites.

Our model calculations fail to include several effects th
may play an important role in real systems, such as Ja
Teller distortions and orbital degeneracy. However, the sp
of the present paper is to show that a minimal model, incl
ing the most relevant electron-electron interactions, is su
cient to explain the simultaneous appearing of charge
spin ordering. This is a possibility that had been excluded
the spin canted phases proposed in previous works.16
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