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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 stabilized by Jahn-Teller phonons. However, as it is men-

tioned in their work!* the z axis stacking of charge and the

A paradigm in condensed matter springs up as a conseexistence of bistripes at>0.5 (Ref. 11 are both penalized
quence of the growing body of experimental evidence sugby a large Coulomb interaction. This observation indicates

gesting different types of inhomogenous states in stronglyhat the Coulomb repulsiol is smaller than the value re-

correlated systems with competitive interactions. The simulguired to drive a charge ordered state.

taneous appearence of charge and spin superstructures seemgjniike nonmagnetic materials, where the Peierls instabil-
to be present in completely different systems. For examplety or Jarge intersite Coulomb interactions are required to get
charge, lattice, and spin modulations with a doping-co, we show here that charge-density waves can result in
dependent wave vector have been observed jn 36NiOs  manganites from the formation of magnetic superstructures

23,[' .me?ns otf_ nel:trorlhscatpttarzhgnd electron td'ﬁra}Ct::?ﬁ't arising from the presence of competing interactions. A very
ripe formation, together with incommensurate spin fluctuay, ., family of inhomogeneous spin and charge structires

tions in hlghil'c supe_rconductors can also be regarded 35 Zan be obtained with this mechanism, by changing the carrier
manifestation of similar phenomeRalhe charge and spin . . 2o
concentration or the ratio between the competing interac-

ordering found in many of the doped manganese perovskite$
; X ons.
fall in the same category. Experiments have revealed chargIé . . .
In order to illustrate our proposed mechanism, we will

ordering(CO) at half-filling in Nd, 5SIy sMnO; (Ref. 4 and
similar %émp)ounds suchgasolgﬁdoag55h/?f?g3.5‘38$\ﬂore ?ecent study here a simplified model where the competing forces

interest has focused on electron doped charge-ordered ma@t€ represented by the double and superexchange interac-
ganites. The first observation of charge, orbital, and magnetiions. The ferromagnetic Kondo lattice modeKLM), pro-
ordering in electron doped manganites dates back to thosed to describe the manganites, was studied originally by
work of Wollan and Koehléron La_,CaMn O,. Several de Genne$® One of the most intriguing questions related to
works confirmed the observation of this behavior in otherthis model is: what are the emerging phases when the com-
compounds?~1?2CO has also been found for other dopingspeting interactions are energetically similar? de Gennes pro-
as in Bi_,CaMnO; (Ref. 10 and in Lg_,CaMnO, posed canting of two interpenetrating lattices as the compro-
(doped withP,), Ref. 12 forx=3; (few electron region mise solution for this competition. This concept was used
Manganese oxides have been intensively studied duringubsequently in recent analytical approacHeé§In addition,
the recent years due to their collosal magnetoresistangghase separation has also been considered as a possible so-
(CMR) effect, i.e., a large change in the resistivity accom-lution for this competitiod®?° In contrast, in the present
pained by a transition from an insulating antiferromagneticpaper we find spin phases that cannot be described in terms
(AF) or paramagnetic state to a ferromagnéfiM) metal. In  of two interpenetrating sublattices nor do they correspond to
the above-mentioned cases, the AF state also exhibits charghase separation.
ordering, and the insulating gap is associated to the forma- As a result of the competition between the double ex-
tion of the charge structure. change(DE) mechanism that delocalizes the hole, and the
Numerical studies for several dopirtgbave included the superexchangéSE) between local spins, different phases
effect of nearest-neighbor density-density repulsibrand  may appear, such as ferromagnetism in one extreme, antifer-
obtained a very rich phase diagram. The diagram includesomagnetism in the other, and doping-dependent modulated
phase separation for either extreme dopings @ orx=1),  charge and spin order in between. Kker1/2, we do not find
and CO for concentratior=0.5. Using Monte Carlo tech- charge ordering fow=0. However, for concentrations away
niques, Yunokiet al'* studied the half-filled casex&0.5)  from half-filling, we obtain charge modulation even in the
including bothe, orbitals. They found that the CO phase is absence of Coulomb interactions. This state can be described
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as an ordered phase of FM islands where carriers are locaiween local spinstég electrons. This term stabilizes the AF
ized. phase forx=1, and competes with the DE term for interme-
Since the charge modulation is driven by the AF orderingdiate fillings. For completeness we add the effect of a
between the islands, the transition to a FM state destroys theearest-neighbor repulsionn when consideringe=0.5. The
charge ordering, closing the insulating gap. This transitiorocalized spins are taken &=1/2, instead ofS=3/2, to
can be induced by applying an external magnetic field. If thesimplify the calculations. The model is studied in one dimen-
energy difference between the AF-charge-ordered phase argbn (1D), since the basic features of the phase diagram for
the FM state is small, the transition is induced by a magneti¢he 3D case appear in one and two dimensions asi&l.
field that can be generated in the laboratory. In this respect, Experiments indicate that,>t. For this reason we fix
this mechanism gives a natural way to understand how thghe values ofl,;=20t andU=10t. Then, the only free pa-
interplay between charge and spin degrees of freedom ca@meters ar&/ andK. For the large value od, used in this
induce a collosal magnetoresistive effect. The Complete Ul"paper, the results are not sensitiveldosince double occu-
derstanding of this phenomena in manganites requires Bancy is suppressed hly,. For this reason, we propose to
more detailed study, exploring regions of concentrationyse at-J model for the conduction electrons, hence reducing

where there is no charge ordering since the concentration ghe Hilbert space by eliminating the doubly occupied states
particles is not commensurate with the lattice.

To study the insulator-metal transition we have computed -
the Drude weight by exact diagonalization of finite-size sys- H=—t > (c] ¢j,+ ngCi(r)JrJE oo +V Y, i

tems. The phase diagram has been computed using the (i) (i (i)

density-matrix renormalization grolfpMRG).?>?? The en-

ergy of the different phases has been computed exactly for —JHZ SO’H’K(Z) SS, 2
i ij

the case where the localized spins are classical. In this way
we compare the phase diagrams correponding to the classical ~— . - T
and quantum limits of the spin variables. wherec;,=c;,(1—n;;) andcj,=(1-n;;)c;,, are the cre-

In the following section we introduce the model. In Sec.ation and anihilation operators of constrained fermiams
IIl, we study the phase diagram making a detailed descrip™ore than one electron per siteStrictly speaking, the ex-
tion of its different phases and the way they have been obthange between twe, electrons depends on the configura-
tained. In Sec. IV we study the charge excitations by calcufion of the localized spins, involving a more complicated
lating the Drude weight, the charge gap, and the effect of Jorm of t_he reduced Hamlltonlan.. However, we are con-
magnetic field on the metal-insulator transition. Section V isc€ned with the low-energy properties so that simply assum-

devoted to the conclusions. ing the above form2) with J=4t2/(U+Jy) is sufficient.
From the expression fal, we see that the condition for the
Il. THE MODEL validity of H as a low-energy effective theory fdi is t

_ A <U+Jy. We have checked on small systems tHagives
. In the mangan_esegomde. compounds, th fons Con-  gimilar results as the full Hamiltoniad. We will use Fi to
sist of three localized, orbitals that can be represented by ., \iate the Drude peak and the charge Gae Sec. IV,
an ?f.3/2 spin due to the large Hund interactidp . The These models are solved using exact diagonalization
Mn®" ions h_ave an additional electron in t_he doubly dege”'(Lanczo$ and DMRG techniques in open systems. When we
erated('eg orbltgl (where the dlegen('aracy is lifted due to Jahn-,;seq DMRG, we took special care in the growing procedure
Teller interactions To describe this system we use the S0-y, ay0id lattice frustration. For instance, we considered dif-

23-25 T e -
called FKLM: This Hamiltonian includes a lattice of fgren right and left blocks. We obtained maximum discarded

localized spins coupled vid, to itinerante, electrons, weights of the order of 10° using the finite-size algorithm
and keeping 150 states. To characterize the different phases
H=—t ¢l ci+cl ¢ )+UD nin +V> nin, we calculated static correlation functions for system sizes up
(%0'( tor s mleTe Z e <.EJ> v to L =40 sites. This is described in the following section.

_‘JHE Sﬂi+K<Z> SS; (1) lll. PHASE DIAGRAM
i ij

The charge and spin-correlation functions are computed
where ni(,:ci’r(,ci(r and nj=n;;+n;;. The first term repre- for the complete Hamiltoniakl [Eq. (1)], using DMRG and
sents theey-electron hopping between nearest-neighbor Mnopen boundary conditions. These correlation functions are
ions at sitesi andj. The second and third terms are the the spin and charge structure factors
on-site and nearest-neighbor Coulomb repulsions for the
same orbitalsJy is the Hund’s coupling between localized 1 {(Ri—R)

S, and itineranto; spins. We will denote the concentration S(q)= L IE eTASS), ©)

of holes byx, i.e., (1—x) is the concentration of itinerant !

electrons. Hund’s interaction together with the hopping term
give rise to the DE interaction that favors FM ordering of the N(q)= 1 E e Ri=R)I((n,—n)(n;—n)) ()
local spins.K is the antiferromagnetic SE interaction be- L 3 ' ! '

134444-2



CHARGE AND SPIN INHOMOGENEOUS PHASES IN TH. .. PHYSICAL REVIEW B 65 134444

_
(=)
o

0.4 FM Phase a) ]

. Tosf 2 .

8 = o2, iyt A s ]

I- CO- FIM 01F 1yv7 ¥ - x=1/3 K=.01 A

7 P ———— n —+——+— :\{ ————

N ___0.g[ILP Phase A N b) 1

> o | ,' V eerrean, I\ — x=2/3K=.25

5 =04 DT WO 4 S o

4 . 02p", , =2" = v
T TR

3 e ie o o “e..e < 04 AFPhase e ¢) ]

gy LRI Toa3f 7

i Z 0.2F ]

1 e ® o o o 70 o 0.1 o ]

M-FM \  L-x2 AF 0 . ]

S 0 0.4 0.8 1.2 1.6 2

0.'1 0.2 03 04 05 06 07 0.8 09 1.0
K/t

FIG. 1. Phase diagram for=1/2. The circles indicate the points in ;IG.ls(.V(::k(l)a;rge correlations for the different phases mentioned
where calculations have been performed. C@nd M stand for g '

charge order, insulating, and metallic phases, respectively. FMys critical value where the spins remain ferromagnetically
FIM, AE, and /2 stand for ferromagnetic, ferrlmagnetlc, antiferro- ordered. However, larger values finhibit the DE mecha-
magnetic, andj= /2 spin phases, respectively. nism by localizing the charges, and other spin orderings arise
(Fig. 1). For V=0, our numerical calculations for the fully
quantum caseS= 1/2) lead to an upper boundary of the FM
eregion atk =0.2t.

wheren=1-x is the average number of electrons per dite,
is the chain length, an&; is the localized spin operator at
sitei. Both correlation functions are used to build the phas
diagram ofH. We describe below the different phases ob- B. Island phase
tained in this way. ' P
When the localized spins are considered as classical de-
grees of freedom, canted or spiral states have been
_ _ _ . proposedf® for the transition between the FMK(t=0) and
WhenK <t the local spins are aligned in a FM stgfégs.  the AF states K>t). These phases are obtained by varia-
1 and 2a)]. At the cost of the AF interaction, the system tional methods that exclude inhomogeneous states as candi-
gains kinetic energy when neighboring spins are parallel. Ijates to be the ground state. A more complete calculation
this situation, the itinerant electrons can be mapped intqyith classical spir¥ shows that the - instability of itin-
spinless fermions because the large Hund's interaction angrant electrons in one dimension leads to the type of spin and
the FM ordering of the localized spins force the band electharge ordering that we find with our numerical calculations
trons to be fully polarized. _ with quantum spins. Indeed our DMRG results confirm and
The charge correlation function for the spinless model carpytend this picture. For the intermediatét regime, the spin
be calculated analytically. It has the shape of a truncateg,q charge structure factors pealgatke andq= 2k, re-
pyramid. The truncation begins at=2kg, where for the  gpectively, ke corresponds to the spinless case
spinless cas&g=m(1—x). This is shown in Fig. 3 foix The following are the results for some particular fillings.
=1/2. The oscillations are due to the open boundaries con- (a) x=2/3. In this case the phase roughly consists of FM
ditions. For this case, a charge-ordered phase sets in Whenisjands of three spins, which are aligned antiferromagneti-
reaches the critical valu¥.=2t. There is a region above cally (1T1LLLT11LL]). The spin structure factor for the
fully quantum case is shown in Fig(t8. Two well defined
T T ] peaks are observed gt = 7/3. The nearly logarithmic in-

A. Ferromagnetic phase

8

&b II=MI Prl1as|el a) | - ) "
G 4K oy Doy ] crease of these peaks with the system &isee Fig. 4b)]
0 L — x=1BK=01 ] indicates a power-law decay with exponent 1 for the spin-
ey spin correlation as a function of the relative distance. How-
=2l ILP Phase:-._ /'\\ TR L ® 1 ever the system sizes considered here do not exclude other
& VRN X=UBK=S S ] possible values for this exponent. In any case, the linear in-

crease of the peak in a logarithmic scale indicates that the
correlations are quasi-long-ranged. The absence of real long-
range order is a consequence of the one-dimensional charac-
ter of the model and the SU(2) continuous symmetry. The
same behavior is observed for the other spin structures de-
scribed below.
In the classical limit there is no effective hopping between
FIG. 2. Spin correlations for the different phases found ( spins that are antiferromagnetically aligned singg,ss
=0): (a) Ferromagnetic phag&M); (b) islandlike phasgILP); (c) =tcos(@/2) (whered is the relative angle between the spins
antiferromagnetic phasé\F) Therefore, it is clear that the charge is then localized in each
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FIG. 4. (a) Charge and(b) spin peak-height scalings in the FIG. 6. On-site charge mean values for=1/2 in the FM
island-type phases. The spin correlation is plotted on a semilogablack), ILP (striped, and AF (empty phases.
rithmic scale.

(b) x=1/3. The classical image of the intermedidtét
island when the spins are classical. For the quantum case trp)ﬁase for this filling isT T/ 11111111 ]. Here we find two-
charges are still localized because the effective hopping besite FM islands separated by an antialigned Jjsiee Fig.
tween spins in the same island is still larger than the hopping(a)]. S(q) shows peaks aj= *2x/3 [see Fig. 2)]. From
between spins in different islands. The last observation anhe real space spin-spin correlation function we can rule out
the fact that there is one electron per island allows one tghe uniform spiral phase since the “islands” are clearly dis-
understand the opening of a gapcgt k- . tinguishable(this is also valid forx=2/3). In a classical

The localization of the charge is confirmed by the nonunisimage, the charge distribution should present one electron in
form distribution shown in Fig. &). The translation symme- the down-spin and another electron distributed between the
try of H is spontaneously broken in the thermodynamic limittwo parallel spins. Our numerical results show a density of
for the charge-ordered state. Even though the symmetry igpproximately 0.6 electrons on the parallel up-spiEM
only broken for the infinite-size chain, the DMRG processsping and 0.8 on the antialigned spins. In this case, the in-
selects one of the broken-symmetry states also for finitglusion of a hopping between the up and down-spins is es-
chains. The charge occupations per $@e5 in the borders sential to describe the numerical resulé(q) shows the
and 0.27 in the centgare very close to the values expected expected peaks at= * 2/3 [Fig. 3b)]. The peak near zero
for the classical limit(0.25 in the borders and 0.5 in the s due to finite-size effects.
center for a three-site open chpiConsistent with this pic- One interesting point is that for classical spins there is
ture, the charge-charge structure fadteig. 3(b)] shows re-  electron-hole symmetry:; i.ex,and (1 x) should exhibit the
markable peaks foq=+2x/3. Figure 4a) shows that the same phase for a given set of parameters. The absence of that
intenSity of these peaks scales |inear|y withThis is evi- Symmetry for quantum Spins is reflected in our res[ﬂm
dence of long-range charge ordering. This behavior is als@s|and-like phasdILP) for x=1/3 is different from the one
found for other commensurate fillings, e.g= 1/3. corresponding tox= 2/3].

(c) x=1/2. In this case the FM islands contain two spins
— — 108 and, as in the previous cases, the islands are antiferromag-
|—| H H HH AH H H H |—| £ netically ordered: {11117/ /). S(g) shows a clear peak at
aIrairel q g= = m/2 as it is expected for a unit magnetic cell containing
106 four spins(see Fig. 2 The same structure has been obtained
] with the Monte Carlo method for classical spfiigdowever,
b) this state has been interpreted as a spiral phase. Other clas-
08'__ sical Monte Carlo calculatioR® confirm the peak atg
I°-5 = =/2; but instead of a spiral phase, they show the island
1049 state that we obtain with quantum spins. The effective hop-
ping alternates between two values from one bond to the
next one in this particular island phase being larger between
the parallel spins. This alternation of the hopping does not
0.3 induce any charge inhomogeneity, i.e..M&=0 there is no
xA3IR=25 9oz charge-density wave for this concentratitsee Figs. 4, 5,
and 6. However N(q) differs from the FM case. This
change is related to the presence of bond ordgdingeriza-

FIG. 5. Charge mean Valuésars, right axi};and spin real space tion). The charges are “localized” in bonds due to the par-
correlationg(squares, left axjsfor the island-type phases. The hori- ticular spin structure generated by the two competitive inter-
zontal line represents the average charge. actions. It is well known that this type of ordering also opens

I
N
TTTTT T

x=1/3 II(=.3

x=12K=3

25
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1x=1/2 ]

2 ]
05x=1/2 ]

FIG. 7. Spin and charge correlations for half-filling in the pres- FIG. 8. Classical energies for different fillings in the FKLM.

ence of nearest-neighbor Coulomb interaction.

. : . _ . _calculated the contributions of DE and SE to the energy of
a charge gap that gives rise to an insulating behavior. We will,¢ giferent possible phases for each concentratidio this

come back to this in Sec. IV. The shapeNfq) is closer to end, we assume that the hopping at the AF bondss

;t/\/i (the conclusions are the same if we tagg=0).
: o i his value oft,e gives a better agreement for the charge
charge correlations within the islandsonds. distribution in the ILP states and with the critical values of

Th? above. results are fbf=0. When increasing the Cou- separating different phases. For instance xferl/2 we
lomb interactionV, a CO phase appears for=2t, as hap- obtained Epy = —2t/m+K/4— /8, E.,=—0.564761

pens in the spinless model. Fg2t, the usual CO phase 3./8 _ :

: \ . —Ju/8, andE g = — \/2t/ m— K/4—J,,/8. In this way, the se-

\g'th at_(l:lhharge stru<liture_ fa/cztolr:_pealiedc?t WL'S obta|r|1ed. quence of stable spin phases as a function of incredsing
EC\I/)'Srl'b'tatf]adpeablaq_Z (Figs. ﬁm .7' a_rger;/r? uehs FM— 7/2— AF, coincides with our numerical results for

ofVinhibit the double exchange mechanism since the chargf, ., . m spingsee Figs. 1 and(B)]. This simple calculation

fluctuation are strongly supressed. The magnetic correlation early shows how the FM state weakens by increasing

change th_en fromg=/2 10 a ferrlma_gnetlc(FIM) co and gives rise to more complicated structures when both in-
phase. This phase can be schematically represented t[)

dractions are comparable. In this classical picture, a canted
110N l, where the total spin per site is alternating between - ' ’
S=1(1) andS=1/2(]). The S=1 spin at sitdi corresponds AF phase has a slightly lower energy than the pure AF phase.

1o the local triplet state f d bet the it ¢ However, thew/2 island phase remains as the most stable
0 the focal tripiet state force by, between ne tinerant  giate over a finite interval i/t. The same procedure leads
electron and the localized spin at the same site.

The same calculations for=4/5 and 3/4 show spin and to similar conclusions fok=2/3 and 1/3(see Figs. &,0).

charge correlation functions consistent with the formation of

five and four FM-spin islands, respectively. These structures D. Magnetic mechanism for pairing

could be regarded as a crystallization of the magnetic po- . ) ,

larons described in Ref. 29 for the dilute limit. It is interest- AS K is further increased(=t and V=0), we find a
ing to note that charge ordering is induced by spin orderin?€@K atq= /4 in the charge structure fact¢Fig. 6). To
and vice versa. The formation of these superstructures is théfnderstand the origin of this peak we will consider the effec-

a consequence of the interplay between charge and spin gilve Hamiltonian that emerges by taking the limit of infinite
grees of freedom. Jy - In this limit, the original HamiltoniaH [Eq. (1)] can be

projected onto the subspace having finite energy, i.e., each
C. Antiferromagnetic phase carrier represented by an effective si@r1 and each hole
represented by a spB= 1/2. Double occupation is projected

As K is increased, the AF ordering prevails over the DE, t tor infinite J,, . The projected Hamiltonian can be written

mechanism for any concentration. For instance, at half-fillin
the transition to the AF phase occurs fid/t=0.7 (for x
# 1/2 the transition occurs for smaller valueskoft). S(q)
shows a strong peak far= = and the charge is uniformly
distributed along the sample, i.&(q) is broader. As men- Heffztz Pi j(2ninj—n;—n;)
tioned above, a FIM charge-ordered state is obtained for (L
half-filling by increasingV. (Figs. 1 and 7. The charges 1\ 1 1
remain in one sublattice forming a chain with alternatiig X(l_nj)(sisj_ — +_(2ninj_ni_nj)( SS - _)
=1 and S=1/2 spins, which are antiferromagnetically 4) 2 2
aligned. >

The validity of the picture described above can be +—nin»(SS-—1)} (5)
checked in the classical limit for the localized spins. We g "I

1
SS+-|+KXY | (1-n)
2 {id)
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wherei,j are nearest neighbors amg is the occupation
number at sité. n;=0 if there is a spirB=1/2 at sitel (hole)
andn;=1 if there is a spirS=1 (one conduction electrgn

P; j is a permutation operator between the spins at siaesl

j- Note that this permutation is operating only between spins
1 and 1/2 due to the factor (nj—n;—n;). This is because
the hopping process is only possible if the occupation num-
bers at sites andj are different. The last three terms of Eq.
(5) are derived from the original AF interactidf between
localized spins. This interaction remains the same between
two spinsS=1/2, but the situation is different between a spin
S=1 and a spirS=1/2, or between two spinS=1. In the

last two cases the effective AF interaction is reduced due to
the fact that the localized spB= 1/2, which is part of a spin
S=1, cannot form a singlet state with its nearest-neighbor FIG. 9. Extrapolated charge gap in the thermodynamic limit.
spin. While the minimum AF energy for the singlet state The lines are only a guide to the eye.

between two spin§=1/2 (2 holes is — K, the correspond-

ing energy for the doublet between a s@r1 andS=1/2  particles, respectively. To get the charge gap in the thermo-
(one particle and one holés —3K/4. The singlet between dynamic limit we did a 1/ extrapolation of the gap (L)

two spinsS=1 (two particle3 has an AF energy-2K/3.  for different sizes.

The renormalization of the AF interaction gives rise to an The Drude weighD(L) is defined as
attractive interaction for the charge degrees of freedom. The

magnitude of this interaction is given bYe¢=Eppar 27D (L)= 1 (92_E

+ Eoholes™ 2E1part= — 2K/3—K+3K/2=—K/6. It is well ™ L a2’
known that a nearest-neighbor attraction gives rise to three

different phases depending on the ratio between the attractiwghere ¢ can be interpreted as the magnetic flux inside a
interactionVq¢; and the effective hopping~t/2). If this  closed chainD(L) was calculated by exact diagonalization
ratio is smaller than some critical value-(/2) the system is in closed chains having eight and 12 sites. The ground state
a Luttinger liquid, and the metallic correlations are the domi-used to comput® (L) is the one that minimizes the energy
nating ones® Above that value the system remains as a Lut-as a function of the fluxp. To reduce the Hilbert space, we
tinger liquid but the superconducting correlations becomelid this calculation with the Hamiltoniafi2). The results
dominant. It is precisely in this region where the formationwere tested by doing the same calculation with the full
of pairs gives rise to a peak @t= /4 in the charge structure Hamiltonian(1) in a half filled chain with eight sites. We did
factor for half filling. If the attractive interactioV.s; is  not find any substantial variation.

larger than twice the effective hoppiny/{;i>t), the system In the FM phase, the charge gap is zero as it is shown in
segregates into two different phases. One phase is rich ihig. 9. Consistently with the cancellation of the gap, there is
spinsS=1/2 (holes and the other one is rich in spil®&=1  a finite Drude weight that coincides with the one obtained for
(electrong. A first indication of this behavior is presented in @ spinless modefsee Fig. 19 WhenK/t is large enough to
Ref. 23, where binding and phase segregation is obtained iget into the ILP,D(L) decreases abruptly and approaches
a similar model. However the binding energy is overesti-zero. This is indicative of a metal-insulator transition. These
mated because the authors have only included the AF interesults are not conclusive because we cannot solve large
action between spin§=1/2, i.e., they did not renormalize €enough chains to make an accurate extrapolation to the ther-
the AF effective interaction.

@)

e ceee ém ' -
c-ox=1/3
o--5 &ax=1/2
IV. METALLIC AND INSULATING PHASES s i &0 x=2/3

The diversity of phases found for the FKLM suggests
different transport properties. To determine the metal or in- a
sulator character of the phases we have calculated the charge & 1--
gap and the Drude weigh¥/(=0) for x=1/3, 1/2, and 2/3.

The charge gap for systems haviNgparticles is defined
as

Acz EN+1+ EN*l_ZEN . (6) 00 I 0.2 I 0.4 I 0.6 I 0.8 I 1
K/

Ey is the ground-state energy of the considered system. FIG. 10. Drude weight for different fillingsl/t=0.4,V=0, and
Eny1 and Ey_ 4 are the ground states fdd+1 andN—1 L=12 sites as a function of the superexchange.
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— 1 we have shown in a previous wofkijn the dilute limit each

V=0 K=.3 x=1/2 . carrier polarizes its surroundings inducing a FM distortion.
0. dos The quasiparticles constituted by the electron and the mag-
netic distortion are called FM polarons. The size of these
04 dos polarons is governed by the rati@'t. When the mean sepa-
= 0 ‘mN ration_between carriers equals_ the size of the _FM distortion
< Jos associated to each polargiM islandg, the SE interaction

induces an AF ordering between polarons. This is, of course,

02 sites
?giﬁii ] a schematic picture since there are quantum magnetic fluc-
0.1 36sies 102 tuations within and between the islands.
While previous works reported the need of a Coulomb
e o % interactionV (Ref. 13 or electron-phonon coupliny (Ref.
Hi 31) to stabilize a charge-ordered phase, we show that it arises

naturally just by considering the competition between double
FIG. 11. Mean Qn-site magnetiza_ti&g and_extrapolated charge gngd superexchange.
gap (A.) as a function of the magnetic fielt) in the ILP phase for A great variety of experiments have found simultaneous
x=1/2. charge and spin ordering in manganites. The extraordinary
colossal magnetoresistance effect forgl@a, gMnO; in-

modynamic limit. Another indication of the insulating char- .\ - o abrupt destabilization of a CO-AF state by appli-

acter of the ILP state fak=1/2 an_d 2/3 is the finite value of cation of a magnetic field? Insulating charge-ordered and
the charge'ggp. The gap for=1/2 is greaterthan. the one for metallic FM regions coexist in (L@aNdq c),zCaysMNOs

X= 2/3, as it is expected from a simple ca]culaﬂon V\_/lth clas-(Ref_ 33 and P§Ca, 3Mn03.34'35 Both phenomena indicate
sical spins. Fok=1/3, thg gap calculated in the ILP is S”_‘a” that the CO phase is very close in energy to the FM state. We
(A.C<O'Oa)’ but th_e precision does not a”OW_ us to Ot_’tam @have shown here that a magnetic field can produce an abrupt
reliable ‘extrapolation to the thermodynamic limd in- o) insulator transition by polarizing the local spins and

creases for larger values & but it is unclear whether the ¢, ring the double exchange mechanism. For these reasons,

AF state is insulating or metallic. The charge gap decreasegs, hink that the .

. 2 phenomenon presented here is relevant for
and cancels when the AF phase S Qstabhs(ﬂr‘egj. 9. The the underlying physical mechanism stabilizing spin and
closure of the charge gap and the finite valudafuggest a charge structures in manganites

me;all_lc chz:_racttertrf]or this %hﬁse'f insulat tal t . Our model calculations fail to include several effects that
0 Investigate the possibility of an Insulator-metal ranst- 4, h1ay an important role in real systems, such as Jahn-

tion with magnetic field applied to the ILP phase, we haVeTeIIer distortions and orbital degeneracy. However, the spirit

calculated the lowest-energy state for different magnetiza- : - :
. 2 -"2%0f the present paper is to show that a minimal model, includ-
tions (L=<40). Forx=1/2 we found that the total spin in- P bap

] ) ing the most relevant electron-electron interactions, is suffi-
creases smoothly with field and the charge gap close

. . S€Gient to explain the simultaneous appearing of charge and
abruptly when the system reaches its maximum magnetiz

Spi ing. This i ibility that h I
tion (see Fig. 1L A similar behavior is seen in the ILP of aspln ordering s is & possibility that had been excluded by

the spi ted ph di ious Wirks.
x=2/3. As it is expected, the field needed to induce the tran- © Spin Canted phases proposed in previous works

sition from the ILP to the FM phase decreases wiéngets ACKNOWLEDGMENTS
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