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Using the Lanczos method in linear chains we study the double exchange model in the low concentration
limit, including an antiferromagnetic super-exchangeK. In the strong-coupling limit we find that the ground
state contains ferromagnetic polarons whose length is very sensitive to the value ofK/t. We investigate the
dispersion relation, the trapping by impurities, and the interaction between these polarons. As the overlap
between polarons increases, by decreasingK/t, the effective interaction between them changes from antifer-
romagnetic to ferromagnetic. The scaling to the thermodynamic limit suggests an attractive interaction in the
strong-coupling regime (Jh.t) and no binding in the weak limit (Jh.t).
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I. INTRODUCTION

The discovery of ‘‘colossal’’ magnetoresistance~CMR!
~Ref. 1! together with its many unusual properties has
ceived considerable attention lately. The materials that
hibit this phenomenon are under much experimental inve
gation due to their technological applications. The
perovskites are ferromagnetic oxides of the fo
A12xBxMnO3 ~whereA5La, Pr, Nd;B5Sr, Ca, Ba, Pb!.2,3

Experiments have revealed very rich phase diagrams in
preted in terms of ferromagnetic, antiferromagnetic, can
polaronic, and inhomogeneous phases. Charge ord
phases have also been found4–9 in these compounds.

The phase diagram, as a function of concentrationx, tem-
perature, magnetic field, or magnitude of the relation
tween superexchange and hopping interactions is not
completely understood for the different compounds. A cl
asymmetry is observed between hole (x,0.5) and electron
doped (x.0.5) regimes. A metallic ferromagnetic phase c
be reached by hole doping of the parent compound LaMn3,
by substituting La for divalent alkalis, Pb, or by stoichiom
etry changes. On the other side, electron doped system
hibit charge ordering or quasiordering and antiferrom
netism.

In the hole doped perovskites, the strong correlation
tween itinerant carriers and localized spins gives rise to c
peting magnetic interactions. This competing interactio
plus the effects of disorder and lattice degrees of freed
could give rise to inhomogeneities of varying scale: mic
scopic polarons, mesoscopic droplets, or macroscopic p
separation. A number of experimental data indicating the
ferent scales in the hole doped regime can be found in R
PRB 620163-1829/2000/62~22!/15047~9!/$15.00
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10 and 11 for polarons, Ref. 12 for droplets, and Ref. 13
phase separation.

Much less is known about the electron doped compoun
This lack of initial interest can be explained by the fact th
manganites such as Bi0.25Ca0.75MnO3 or A0.25Ca0.75MnO3 are
characterized by charge ordering phenomena and do no
hibit magnetoresistive effects. However, the recent discov
of new ferromagnetic electron doped manganit
Ca12xBxMnO3 and Ca12xBixMnO3 for x50.10,14,15 has in-
creased the interest for those compounds since it opens
possibility of magnetoresistance effects also in this conc
tration limit. Ca0.9Bi0.1MnO3 and Ca0.9Eu0.1MnO3 exhibit in-
deed negative magnetoresistance but with a much sm
magnitude than hole doped manganites. Long-range ch
ordering has recently been observed with electron diffract
in La12xCaxMnO3 (x.0.5).6–9,16,17The magnetic suscepti
bility has a pronounced inflection at the charge ordering te
perature, resembling that associated with a conventio
long-range antiferromagnetic transition.18 Neutron-scattering
measurements in Bi12xCaxMnO3 (0.74,x,0.82) ~Ref. 9!
indicate that charge ordering is accompanied by a struct
transition and antiferromagnetic long-range order indeed
velops at lower temperature. The nature of spin fluctuati
changes from ferromagnetic to antiferromagnetic at
charge ordering transition.9 Optical reflectivity studies of the
same compound forTco.T.TN have revealed the coexis
ence of a polaron response and a charge-gap-like structu
the optical response.8 This two phases behavior is characte
ized by domains of ferromagnetic and antiferromagnetic s
correlations. Magnetization and resistivity measurements
Ca12xSmx MnO3 for 0,x,0.12 are interpreted in terms o
the existence of a cluster glass metallic state below so
15 047 ©2000 The American Physical Society
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critical temperature and demonstrate the lack of true fe
magnetism in these electron doped manganites.19

From the theoretical point of view, the pioneering work
de Gennes20 proposed a canted phase to resolve the com
tition between the ferromagnetic double exchange~DE! in-
teraction introduced by the presence of itinerant holes
the superexchange~SE! interaction. Recently, several contr
butions to this problem have been reported. Arovas
Guinea21 studied this problem using a Schwinger boson f
malism to obtain a phase diagram showing several homo
neous phases and pointing out that phase separation rep
the canted phase in a large region. Indeed phase separ
appears in several numerical treatments of the problem.22 In
other analytical treatments, more adequate to treat loca
stabilities, nonsaturated local magnetization states have
peared at zero temperature.23 M. Yu. Kagan et al.24 have
studied the stability of the canted phases against the for
tion of large ferromagnetic ‘‘droplets’’ containing sever
particles and they conclude that the formation of droplet
favored in the ground state. The variety of results obtain
from the different approaches points to the need of clarify
the picture and testing the results.

The diversity of results in the phase diagram is connec
to the two dominant magnetic interactions acting in the
systems: double exchange arising from theeg orbitals and
antiferromagnetic superexchange due mainly to half filledtg
orbitals. These competing interactions could give rise to t
tures of different scales according to the relation betw
them.

Here we study a model fordiluted compoundsthat char-
acterizes them in terms of a single parameter: the rela
between superexchange and hopping energies. In fac
ionic radii of the intervening dopants varies substantially
hopping matrix element through the variation of the M
0-Mn angle as discussed in Ref. 33.

In this work, we find the low-energy quasiparticles a
characterize their structure and dispersion relation in the
concentration limit. These quasiparticles correspond to
electron followed by a ferromagnetic local distortion~ferro-
magnetic polaron! in the antiferromagnetic~AF! background.
The dispersion relation is dominated byk→k1p scattering
due to the presence of AF order. In order to make a conn
tion with transport properties, we study the tendency to
calization of these polarons in the presence of impurities
magnetic field.

We also study the interaction between the quasipartic
For two particles, the profile of each quasiparticle is pra
cally the same as the one obtained for only one particle.
effective magnetic interaction between these quasiparticle
antiferromagnetic for large values ofK and becomes ferro
magnetic when the size of the polarons increase over s
critical value. This change in the spin-spin correlation is f
lowed by a change in the charge-charge interaction. If
size of the ferromagnetic distortion induced by one particle
larger than some critical value the other particle could sh
the same distortion giving rise to a bipolaronic bound
state.

We include diagonal disorder in the two particles proble
in order to determine how this affects the effective inter
tions between the polarons. We find that randomness in
agonal energies induce a distribution of effective interacti
-
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between localized polarons which can be ferro- or antifer
magnetic.

II. MODEL

To render evident the nature of the ground state, we re
to the Lanczos method, which is free from approximatio
The Hamiltonian is simplified to a single orbital per site, n
lattice effects are considered, and we have to reduce to
dimensional chains. However, our results provide a sim
picture that, we presume, can put to test the dilute limit
electron doped systems. In these systems, the limitation
the model Hamiltonian may not be as stringent as in the h
doped systems for the following reasons:~i! the lattice struc-
ture is more symmetric so Jahn Teller distortions should p
a less important role~this observation is consistent with th
fact that hole doped manganites La12xCaxMnO3 are insulat-
ing for low concentrations of dopant while electron dop
ones Ca12xSmxMnO3 are semimetallic for similar values o
x;19! ~ii ! the large in-site Coulomb repulsion inhibits doub
occupation so that it may be possible to describe the phy
by the use of a single effective orbital;~iii ! the antiferromag-
netic structure of two interpenetrating lattices can be pr
erly described in one dimension.

In order to describe the manganites we consider two
grees of freedom: localized spins that represent thet2g elec-
trons at the Mn sites, and itinerant electrons that hop fr
e2g Mn orbitals to nearest-neighbore2g orbitals. The model
Hamiltonian includes Hund coupling (Jh) between localized
and itinerant electrons, an antiferromagnetic superexcha
interaction between localized spins (K), a hopping term of
strengtht which we will use as energy unit hereafter and
on site~U! and nearest-neighbor~V! Coulomb repulsions:

H52Jh(
i

Si•s i1K(
^ i , j &

Si•Sj1 (
^ i , j &,s

t i j ~cis
1
•cj s1H.c.!

1V(
^ i , j &

ninj1U(
i

ni↑ni↓ , ~1!

where ni ,s5cis
1 cis (ni5ni↑1ni↓), and cis

1 , cis creates
and destroys an itinerant electron with spins at site i, re-
spectively.Si ands i are the localized and itinerant spin-1
operators at sitei, respectively. In order to reduce the Hilbe
space we takeS51/2 for the localized spins instead ofS
53/2. It has been shown numerically that, in the absence
antiferromagnetic coupling, the results forS53/2 and 1/2 are
qualitatively similar.22 In the absence of AF coupling th
Hamiltonian reduces to the model called Ferromagne
Kondo Lattice~FKL! studied with different numerical meth
ods. The reported phase diagram is very similar for dim
sionsD51, 2, 3 and even in infinite dimension showing
ferromagnetic phase for largeJh /t.22,25 In the low electron
concentration limit (x;1) this ferromagnetic phase is ob
tained for any value ofJh . In this limit the AF superex-
change coupling between localized spins~K! is needed to get
the observed AF phase. This model has been studied
Monte Carlo method for classical spins and fin
concentration.25 Recently some results have also been o
tained for a very small value ofK/t (K/t50.05).26 In this



o
e

b
e

g
3

o

so

it
o

in
ri-
o

be
iv
th
o

le
l

as
on
a

te
m

ob
er
de

-
t

r-
o a

r
-
y

ry

-

to

nks
pin
ex-
etic
the

n

the

v-
ti-

ctor

PRB 62 15 049FERROMAGNETIC POLARONS IN MANGANITES
paper we focus on the dilute limit considering the cases
one and two added electrons. Preliminary results have b
reported in Ref. 27.

In the following we will concentrate on the caseU5V
50, unless stated otherwise. For the manganites, it is
lieved that the couplingJh is large. However, there are som
observations in LaMnO3 and CaMnO3 which indicate thatJh
could be not so large. Quoted values refer toJh51 eV from
optical conductivity data28 and bandwidthW51 eV.5 In our
one-dimensional counterpart model this would meanJh
54t. Band-structure calculations29 also indicateJh51 eV.
A larger value ofJh is inferred from scanning tunnelin
spectroscopy.30 Recent optical conductivity for CaMnO
gives 1.7 eV~Ref. 31!, and 2 eV.32 However,W is also larger
in the ferromagnetic. Sarmaet al.32 indicate W54 eV (t
50.3 eV), givingJh/W51/2. In one dimension this would
correspond toJh52t. In all casesU58 –10 eV@Jh . For
that reason we will keep the model general considering b
the strong-coupling (Jh;10 eV) and weak-coupling (Jh
;1 eV) regimes.

III. ONE PARTICLE

In this section we investigate the homogeneity of the
lutions for different values ofK/t. To this end we calculate
the ground state with one itinerante2g electron added, for
chains of different sizes up toN520. For large values ofJh ,
the particle modifies substantially the spin structure in
surroundings forming magnetic polarons. The distortions
the magnetic structure around the particle can be determ
from correlation functions which mix charge and spin va
ables. In this way it is possible to distinguish between p
laronic and nonpolaronic regimes.

The quasiparticle character of this polaronic distortion
comes evident from the dispersion relation. The effect
mass of the quasiparticle is inversely proportional to
bandwidth. In this way it is possible to study the variation
the effective mass as a function of the parameters.

By lowering the diagonal energy in one site it is possib
to localize the polaron. We study the dependence of the
calization length and the spin distortion on the effective m
and on an external magnetic field. The correlations functi
of this section have been calculated using periodic bound
conditions~PBC!.

A. Polaron profile

In order to determine the polaron profile we calcula
^niSjSj 11& for the ground state. Because of translation sy
metry this correlation function depends only onu i 2 j u. The
results for different values ofK/t andJh510t are shown in
Fig. 1~a! where we plotN^n0SjSj 11& vs j, whereN is the
number of sites. As it can be seen in Fig. 1, for largej this
correlation function takes a value very close to the one
tained from the Bethe ansatz solution of the Heisenb
chain,^SjSj 11&>20.443. The extension and the magnitu
of the spin distortion around the particle increases asK/t
decreases. For large values ofK/t, the background of local-
ized spins remains in aS50 total spin state although it pre
sents distortion in the spin-spin correlation function due
the itinerant particle. By decreasingK/t the total spin in-
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creases toS51 @this occurs forK/t'0.3 in the case of Fig.
1~a! for Jh /t510] and higher values indicating a net pola
ization of the localized spins. In this case, we can refer t
polaronic regime.

In Fig. 1~b!, we show the same correlation function fo
Jh5t. For this value ofJh we are already in the weak
coupling limit where the spin distortion is almost null for an
value of K/t ~notice the change in the vertical axis scale!.
The profile of the distortion in this case is, in fact, ve
similar to the one obtained in the strong-coupling limit (Jh
;10t) for large values ofK/t. The polaronic regime ap
pears, in this case, for much lower values ofK/t.

The oscillations observed in the curve corresponding
K50.3 are also observed for larger values ofK. They are a
consequence of the weakening of the antiferromagnetic li
around the charge position which produce a sort of local s
dimerization. Because of the competence between double
change and superexchange, the effective antiferromagn
interaction between the site where the particle is and
nearest-neighbor one is weakened (^n0S0S1&.20.443). The
next spin correlation (̂n0S1S2&) may be even stronger tha
in the undoped case (^n0S1S2&,20.443) due to this weak-
ening. This forces the next link (^n0S2S3&.20.443) to be
weaker, and the same kind of reasoning can be applied to
rest. This effect explains the oscillations of^n0SjSj 11& as a
function of j for large values ofK/t. To prove this point we

FIG. 1. ~a! We show the correlation function̂n0SjSj 11& for a
16 sites chain, withJh510 and different values ofK (K50.1 tri-
angles,K50.2 open squares, andK50.3 full squares! ~Ref. 27!.
The maximum value ofS for each value ofK is indicated in the
figure. One can observe that the totalS and the extension of the
magnetic distortion increase asK decreases. The oscillatory beha
ior found atK51 is a consequence of the weakening of the an
ferromagnetic links around the charge. The inset shows^SjSj 11&
for a 16 sites Heisenberg chain where the link at site zero is a fa
2 smaller than the rest.~b! The same as~a! for the weak-coupling
regime (Jh51).
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15 050 PRB 62C. D. BATISTA, J. EROLES, M. AVIGNON, AND B. ALASCIO
show in the inset the nearest-neighbors spin-spin correla
functions for a Heisenberg chain of the same size where
link between site zero and one is a factor of 2 smaller th
the rest.

In Fig. 2~b! we show the variation of the polaron profi
as a function ofJh , for K/t50.1. In this way it is possible to
see the transition from nonpolaronic~weak-coupling! to po-
laronic ~strong-coupling! regime.

B. Dispersion relation

As K decreases, it is difficult to find an adequate appro
mation to describe the large polaronic distortion. In order
obtain the effective mass of these polarons, we investig
the dispersion relation for charge excitations. To this end
calculate the lowest energy state for different values of
momentumk52pn/N within the subspace where the tot
spin is that of the ground state. In Fig. 2 from Ref. 27 w
show the dispersion relation scaled to the thermodyna
limit for K53, Jh5100; K51, Jh510; and K50.3, Jh
510.

We start analyzing the dynamics in the regime wh
(Jh@K@t). In this case, the charge moves as a spin
(S). The effective hopping resulting from the projection
the hopping term onto the reducedS51 Hilbert space is:
tPi j (SiSj11/2), wherePi j is the permutation operator be
tween sitesi and j. We can picture the movement of th
particle, in this limit, as going from a state↓ ↑ ↓ ⇑ ↓ ↑ ↓
to an intermediate state↓ ↑ ↓ ↑ 0 ↑ ↓, and finally to
↓ ↑ ↓ ↑ ↓ ⇑ ↓, where⇑ (0) represents theSz511(0)
components of the spinS51. Thus, in order to move, the
charge has to hop to the nearest neighbor, via a spin
process, through states that differ in energy byD'K/2. It

FIG. 2. ~a! Evolution of the polaron profile from the weak cou
pling regime (Jh51) to the strong-coupling limit (Jh510). ~b!
Magnetic correlation between the site where the particle is and
nearest neighbor as function ofJh .
n
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can be easily verified that the effective hopping of this p
cess is equal tote f5t/A2. The dispersion relation given b
this dynamics is:D/26A(D/2)214te f

2 cos2(k). The expres-
sion corresponding to the lower band fits well the numeri
results forK53 andJh5100 as shown in Fig. 2 from Ref
27. This expression is valid in general for a particle movi
in an antiferromagnetic background where scattering
tweenk andk1p states dominates the dynamics of the p
ticle.

In Fig. 3 we show the scaling of the energy differen
betweenk andk1p states. This difference must tend to ze
asN tends to infinity due to the reasons explained above
this way we can check the quality of the scaling used
calculate the points in Fig. 2 from Ref. 27. The linear e
trapolation goes to zero with an error lower than 531023 for
the three values ofK/t considered.

In the caseK@Jh@t the spin distortion can be neglecte
and the particle propagates in an antiferromagnetic latt
The Hund interaction alternates the site energy of the pro
gating particle so that the difference between the two sub
tices is given byD5Jh(^s jSj 11&2^s jSj&)>Jh(^SjSj 11&
2^s jSj&) where we approximatês jSj&'1/4 its value at the
triplet state, and̂ s jSj 11&'^SjSj 11&5 ln 221/4, the Bethe
ansatz value. Using these values we findD50.19Jh . In this
casete f is equal tot.

When Jh@t*K, the magnetic distortion around th
charge is large and the effective hopping is dominated by
overlap between the magnetic distortions about the nea
neighbors sites. This last effect dominates the polaron ef
tive mass. Therefore the mass of polarons increases wheK
decreases, as in Fig. 2 from Ref. 27 wherete f decreases from
0.75 for K51 to 0.23 for K50.3, showing that the spin
distortion around the charge increases in magnitude and
tension whenK decreases.

The bandwidth calculated for several values ofK ~Fig. 3
of Ref. 27! clearly shows two regimes:K!t andK@t. The
first corresponds to a large magnetic distortion and the s
ond corresponds to a smaller one according to Fig. 1.
bandwidth goes to zero withK indicating that the effective
mass of the polaron increases continuously by decreasinK.
WhenK is equal to zero the size of the ferromagnetic dist
tion becomes infinite and we cannot consider any more
distortion as part of the quasiparticle structure. The quasip
ticle scenario is no longer valid~it is not possible to associat
a magnetic distortion to the electron since the magnetic

e

FIG. 3. Scaling of the difference betweenk50 andk5p states
for different values ofK andJh510.
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tortion is infinite!. In this limit, the electron moves in a fer
romagnetic background freely and thus generates a b
width equal to the tight-binding 4t. In our case, since we
have considered finite systems, this happens for a small
not zero, value ofK. This regime was not shown in Fig. 3 o
Ref. 27.

C. Localization

To test how robust the polaronic description is, we pin
polaron by changing in2e0 the diagonal energy at site zer
This may be relevant to the real materials since the dop
process necessarily introduces some disorder. This alw
localizes the particle in a linear chain, but the localizati
length should be very different for different effective mass
A small e0 localizes much more the polaron for low valu
of K than for larger ones. This is shown in Fig. 4~a! where
we plot ^ni& around site zero for different values ofK, while
fixing Jh510t ande050.05. We also show in Fig. 4~b! the
correlation function^n0SjSj 11& in order to determine the
magnetic distortion associated with each localized st
While charge localization does not change very much foK
between 0.02 and 0.1, the magnetic distortion increa
monotonically by decreasingK. To understand this point is
useful to take the limitK/t50 and then slowly incremen
K/t. For K/t50, the system is a fully polarized ferromagn
and thus the ferromagnetic distortion is infinite. In this ca
however, the localization length is finite, although the larg
possible. As K/t increases the magnetic distortion w
shrink, without affecting the localization length, at least un
they are comparable. In this regime the magnetic distortio
decreasing while the localization length is not changing. T

FIG. 4. Charge localization.~a! We show^ni& as a function of
position in a 16 sites chain where the energy at site zero is cha
from the rest by2e0520.05 units of t. The short localization
length of the lowerK curves indicate effective bandwidths of th
order of the energy change.~b! We show the extension of the mag
netic distortion induced by the localized particle.
d-
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difference between the localization and the magnetic dis
tion lengths depends on the value ofK and e0, and deter-
mines the limit of validity of the quasiparticle concept.

For large values ofK the polaronic distortion is very sma
and the localization length does not change substantially
cause the effective mass of the quasiparticle is similar to
free mass. WhenK becomes smaller the localization leng
starts to decrease as a consequence of the increase o
effective mass. This behavior remains up to some value oK
where the size of the magnetic distortion is similar to t
localization length. If we further decrease the value ofK then
the localization length starts to increase up to the value c
responding to the free case forK!e0, and we loose the
quasiparticle picture.

In Figs. 5~a! and 5~b! we show the same as in Fig. 4 bu
for the weak-coupling regime (Jh5t). In this case the local-
ization length is always larger than in the strong-coupli
regime as expected. The size of the magnetic distortio
also smaller.

It is interesting to note the differences in the profile of t
magnetic distortion between the localized case@Fig. 4~a!#
and the homogeneous case@Fig. 1~a!#. In the localized case
the magnetic distortion is abrupt defining the polaron lim
quite sharply~one could think of a step shape!. In the non-
localized case the polaron profile decays more continuou
defocusing the polaron limits~one could think of an
exponential-like shape!.

In Fig. 8~a!, we show the change in the values of^ni& for
different magnetic fields in the strong-coupling regime (Jh
510t andK50.1t). Sz increases by 1 between two succe
sive values ofH starting fromSz52.5 for H50. It can be
seen that the localization of the polaron decreases with m
netic field as a consequence of increased effective hop
between nearest neighbors. A fact that may be important
the transport properties of these systems since it implie
negative magnetoresistive behavior for conductivity due
hopping between localized states.35,14,15The size of the mag-

ed

FIG. 5. Same as Fig. 4 for the weak-coupling regime (Jh51).
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netic distortion relative to the background increases with
magnetic field@see Fig. 6~b!#. This could be due to the stron
ger effect of the magnetic field on the spins which are cl
to the boundary of the polaron. Those spins are form
weak links due to the competition between super and dou
exchange so they must have a larger susceptibility.

In Fig. 7~a! we show the effect of magnetic field on th
localization for the weak-coupling limit (Jh51,K50.1). It is
clear from this figure that the magnetoresistive effect is v
weak compared with the strong-coupling limit. In additio
the size of the magnetic distortion is very small@Fig. 7~b!# as
expected for the weak-coupling regime.

IV. TWO PARTICLES

In this section we study the interaction between the q
siparticles. To this end we calculate the magnetic distort
induced by two itinerant electrons, as well as the bind
energy and the charge-charge correlation function. In
way it is possible to discriminate if the effective interactio
is attractive or repulsive.

To obtain closed shell conditions in the spinless lim
(K/t50 andJh→`) we have taken antiperiodic bounda
conditions~APB!. We have only used PBC for the calcul
tion of binding energies because this quantity also invol
the energy of one particle added, which has been calcul
with PBC.

The charge-charge correlation function^n0nj& gives in-
formation about the character of the interaction between
polarons. This correlation function is shown in Fig. 8 for
chain of 14 sites. The maximum always occurs for the larg
possible distance between the particles, what could indica

FIG. 6. Effect of magnetic field on charge localization in t
strong-coupling limit (Jh510). We show~a! ^ni& for different val-
ues of an external magnetic field for the same chain as in Fig. 3~b!
the evolution of the magnetic distortion as function of the magn
field.
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tendency towards repulsion. However, in some cases
could just indicate that the size of the chain is similar
smaller than the mean separation between the two part
in a bound state. To discriminate between these two po
bilities it is necessary to calculate the binding energy
different sizes of chains.

Figure 9~a! shows the binding energy@E(2)1E(0)
22E(1)# as a function of the inverse of the chain length,
the strong-coupling limit. We find that, although up to th
sizes we can compute the interaction is always repulsive
K>0.1, the extrapolation to the thermodynamic limit see
to give a negative value, suggesting the possible existenc
a bound state. WhenK is low enough (K50.05t) the binding
energy is already negative forN>12. The fact that the inter-
action is repulsive for chains smaller than 12 sites indica
that the mean separation of the bound pair is around
lattice parameters. In Fig. 9~b! we show the weak-coupling
limit. Now for every value ofK we get a vanishing binding
energy extrapolated to the thermodynamic limit. This refle
the importance of the double exchange in the dynamics

c

FIG. 7. The same as Fig. 6 in the weak coupling limit (Jh51).

FIG. 8. Charge-charge correlation as a function of distance
the strong-coupling limit (Jh510).
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the electrons. By increasing the coupling the system seem
cross between a nonbounding regime into an attractive o

In Fig. 10 we show the profile of the magnetic distortio
for different values ofK and for the maximum separatio
between the particles. As for the one particle case, the
and amplitude of the magnetic distortion increases asK de-
crease giving rise to a strong polaronic regime forK
;0.1t –0.2t. The two polarons are practically independent
each other, since their shape is essentially the same as i
single polaron regime described in the previous section~see
Fig. 1!. If the size of each polaron becomes larger than so
critical length, one would expect that the second parti
added could gain some magnetic energy by sharing the
tortion created by the first one. This mechanism is simila
the spin-bag idea proposed by Schrieffer34 to explain the
attractive interaction giving rise to pairing in the hig
temperature superconductors. From this consideration,

FIG. 9. Binding energy@E(2)1E(0)22E(1)# as function of
the inverse of the system size in the strong-coupling limit (Jh

510).

FIG. 10. Profile of the magnetic distortion with two particle
added for different values ofK.
to
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f
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existence of a bound state under some critical value ofK can
be understood.

If the spin-bag picture is correct, the polarons must int
act ferromagnetically when they form a bound state. This
be checked by calculating the total spin of the ground s
and the spin-spin correlation between the charges. In Fig
we show spin-spin correlation as a function of distance wh
one particle is at site zero and the other one is at the lon
distance in the chain~site 7 in a 14 sites chain!. It is clear
that, asK decreases, the interaction between the two char
becomes more ferromagnetic. To confirm this result, in F
12, we show the spin-spin correlation function between
two particles from where the effective magnetic interacti
between the two quasiparticles can be extracted. It is c
that this interaction evolves from a very small value forK
50.4 to the largest ferromagnetic value forK50.1.

This change in the behavior of the interaction is also o
tained in the charge-charge correlation function~Fig. 8!
where, for some critical value ofK between 0.1 and 0.05t,
we observe a change in the variation of the intensity of
maximum withK. It increases with decreasingK from 0.3 to
0.1 and then it decreases practically the same magnitude
tweenK50.1 andK50.05.

We also studied the interaction between polarons in p
ence of disorder. As it is seen in Fig. 4, lowering of th
diagonal energy of one site not only pins the quasipartic
but also changes its size. This change should induce a m
fication of the effective magnetic interaction between tw
pinned quasiparticles. This can be seen in Fig. 13 where

FIG. 11. Spin-spin correlation as function of distance for t
largest separation between the charges.

FIG. 12. Spin-spin correlation between the two added electr
for different values ofK.
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show the spin-spin correlation between the two particle
function of distance and for different values ofe0. The diag-
onal energy has been changed by2e0 in both sites 0 and 7
The effective magnetic interaction evolves from ferroma
netic values fore0,0.1 to antiferromagnetic fore0.0.1.
This can be easily understood from the reduction in the s
of the polaron distortion which is induced by the increme
of the pinning energye0. As each particle is more localized
the overlap between polaronic distortions decrease. Each
ticle cannot see the magnetic distortion generated by
other and the effective magnetic interaction is dominated
the superexchange through the localized spins between
two polarons.

In Fig. 14, we show the variation of the effective ma
netic interaction between two pinned quasiparticles a
function of K. In this case we get a nonmonotonic behavi
By decreasingK from 0.5 to 0.2 the effective interactio
becomes more ferromagnetic. But forK50.1 this behavior
changes drastically becoming antiferromagnetic when
particles are close to each other and ferromagnetic w
each one is close to its pinning center. This indicates
formation of two well defined ferromagnetic distortions su
rounding each center of pining with an antiferromagne

FIG. 13. Spin-spin correlation function between the two p
ticles as function of the relative distance. The diagonal energie
sites 0 and 7 have been lowered bye0 in order to pin the two
quasiparticles forK50.2. e050.01 ~solid squares!, e050.1 ~open
circles!, e051 ~solid circles!.

FIG. 14. Same as Fig. 13, but for different values ofK ande0

50.05t. K50.05 ~solid circles!, K50.1 ~open squares!, K50.2
~open circles!, K50.3 ~solid triangles!, andK50.5 ~solid squares!.
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effective interaction. ForK50.05 this effective interaction
becomes ferromagnetic and we get a uniform ferromagn
state~the size of the induced distortion is equal to the size
the system!.

Localizing the particle reduces the overlap between
larons, the system becomes more inhomogeneous and
effective interaction between the polarons evolves from f
romagnetic to antiferromagnetic. For example, forK50.1,
^S0S7n0n7& is positive with e050 ~Fig. 11! and becomes
negative fore050.05 ~Fig. 14!.

Finally, we have studied how sensitive are the results
the inclusion ofU andV in the strong-coupling regime. We
do not find any significative change in the physics due to
presence of these interactions. As we are studying the d
limit, this interactions should not be so important as f
higher concentrations. Even though, if both particles are
the same site, they must be in a singlet state due to the P
principle. This state has a very large energy (;Jh) in the
strong coupling limit (Jh510) giving rise to a very smal
double occupation in the ground state. This explains the p
role of U. To explain the weak effect ofV it is useful to take
a look at Fig. 8 where it can be seen that the occupation
adjacent sites for the two particles is very small.

V. CONCLUSIONS

In summary, we have investigated the possibility
strong magnetic distortions induced by carriers in the grou
state of the DE-SE model Hamiltonian. The model descri
chains of localized spins coupled antiferromagnetically a
interacting ferromagnetically with itinerant electrons. W
have studied in detail the case with one and two electro
Assuming the model adequately describes the physics
electron doped manganites, the results presented here
to a picture of these systems where heavy polarons domi
the magnetic and transport properties. Their masses de
strongly on the relation between the hopping energy and
antiferromagnetic superexchange interaction. Clearly,
doping itself will localize the polarons so that transport w
result from hopping between pinned sites. Negative mag
toresistance should appear as a consequence of the dec
of the pinning energy with magnetic field.35

We have done scaling on the binding energy of two p
larons. Two regimes can be identified depending on the c
pling (Jh). In the strong coupling case, although only f
small values ofK we find a negative binding energy (K
<0.05 andN>12), the scaling to the thermodynamic limit
negative for everyK we have studied, indicating the possib
existence of a bound state. In the weak-coupling case,
most values ofK, the scaling to the thermodynamic limit i
zero, and all values are positive. However, as the cha
charge correlation function~see Fig. 8! is always peaked a
the largest possible distance between the particles, it is
essary to confirm our scaling results in larger systems.

The existence of a bound state can be understood from
ferromagnetic distortion of the polarons. Below some critic
value of K this ferromagnetic distortions of two neighbo
polarons overlap and the charge-charge interaction beco
attractive. This scheme resembles the spin-bag picture
posed by Schrieffer to explain the pairing mechanism in
high-Tc compounds. The effective magnetic interaction b
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tween polarons also changes from antiferromagnetic to
romagnetic by decreasing the value ofK.

We have also studied the effect of localization on t
effective interaction between the quasiparticles. The effec
localization is not only to pin the quasiparticles but also
change the shape of the ferromagnetic distortion. As
shape and size of this distortion is clearly connected with
spin-spin and charge-charge effective interaction we get
the amount of disorder play a very relevant role in the lo
energy physics of these quasiparticles. Depending on the
ing energies, ferromagnetic and antiferromagnetic inter
tions could be generated. In real systems frustration indu
by such competing interactions could give rise to spin-gl
behavior. In this way, the interplay between diagonal dis
der and effective magnetic interactions between polar
could explain the cluster glass character of the metallic ph
found by Maignanet al.19 in Ca12xSmxMnO3 for 0,x
,0.12.

*Permanent address. LEPES is associated with Universite´ Joseph
Fourier, Grenoble.
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