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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-exchargeln the strong-coupling limit we find that the ground
state contains ferromagnetic polarons whose length is very sensitive to the vad{ue d¥e investigate the
dispersion relation, the trapping by impurities, and the interaction between these polarons. As the overlap
between polarons increases, by decrea&ifg 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 regimeJ,>t) and no binding in the weak limitJ,=t).

I. INTRODUCTION 10 and 11 for polarons, Ref. 12 for droplets, and Ref. 13 for
phase separation.
The discovery of “colossal” magnetoresistan(@MR) Much less is known about the electron doped compounds.

(Ref. 1) together with its many unusual properties has re-This lack of initial interest can be explained by the fact that
ceived considerable attention lately. The materials that exmanganites such asBi:Ca, 79MINO; or Ag »:Ca 79MNO3 are
hibit this phenomenon are under much experimental investicharacterized by charge ordering phenomena and do not ex-
gation due to their technological applications. Thesehibit magnetoresistive effects. However, the recent discovery
perovskites are ferromagnetic oxides of the formof new ferromagnetic electron doped manganites,
A;_,B,MnO; (WhereA=La, Pr, Nd;B=Sr, Ca, Ba, Pb*®  Ca_,B,MnO; and Ca_,Bi,MnO; for x=0.10}**°has in-
Experiments have revealed very rich phase diagrams intecreased the interest for those compounds since it opens the
preted in terms of ferromagnetic, antiferromagnetic, cantedpossibility of magnetoresistance effects also in this concen-
polaronic, and inhomogeneous phases. Charge orderadition limit. Cg ¢Big{MnO; and Cg Euy ;MNO5 exhibit in-
phases have also been folrtin these compounds. deed negative magnetoresistance but with a much smaller
The phase diagram, as a function of concentratidem-  magnitude than hole doped manganites. Long-range charge
perature, magnetic field, or magnitude of the relation beordering has recently been observed with electron diffraction
tween superexchange and hopping interactions is not yén La,_,CaMnO; (x>0.5)$21%1"The magnetic suscepti-
completely understood for the different compounds. A cleability has a pronounced inflection at the charge ordering tem-
asymmetry is observed between hole<(0.5) and electron perature, resembling that associated with a conventional
doped &>0.5) regimes. A metallic ferromagnetic phase canlong-range antiferromagnetic transitihNeutron-scattering
be reached by hole doping of the parent compound LajnO measurements in Bi,CaMnO; (0.74<x<0.82) (Ref. 9
by substituting La for divalent alkalis, Pb, or by stoichiom- indicate that charge ordering is accompanied by a structural
etry changes. On the other side, electron doped systems efxansition and antiferromagnetic long-range order indeed de-
hibit charge ordering or quasiordering and antiferromag-velops at lower temperature. The nature of spin fluctuations
netism. changes from ferromagnetic to antiferromagnetic at the
In the hole doped perovskites, the strong correlation beeharge ordering transitiochOptical reflectivity studies of the
tween itinerant carriers and localized spins gives rise to comsame compound fof,,>T>Ty have revealed the coexist-
peting magnetic interactions. This competing interactionence of a polaron response and a charge-gap-like structure in
plus the effects of disorder and lattice degrees of freedonthe optical responséThis two phases behavior is character-
could give rise to inhomogeneities of varying scale: micro-ized by domains of ferromagnetic and antiferromagnetic spin
scopic polarons, mesoscopic droplets, or macroscopic phaserrelations. Magnetization and resistivity measurements in
separation. A number of experimental data indicating the dif-Ca _,Sm, MnO; for 0<x<<0.12 are interpreted in terms of
ferent scales in the hole doped regime can be found in Refshe existence of a cluster glass metallic state below some
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critical temperature and demonstrate the lack of true ferrobetween localized polarons which can be ferro- or antiferro-
magnetism in these electron doped mangarittes. magnetic.
From the theoretical point of view, the pioneering work of
de Genne® proposed a canted phase to resolve the compe-
tition between the ferromagnetic double exchakDE&) in-
teraction introduced by the presence of itinerant holes and To render evident the nature of the ground state, we resort
the superexchang&E) interaction. Recently, several contri- to the Lanczos method, which is free from approximations.
butions to this problem have been reported. Arovas andhe Hamiltonian is simplified to a single orbital per site, no
Guine&! studied this problem using a Schwinger boson for-lattice effects are considered, and we have to reduce to one-
malism to obtain a phase diagram showing several homogélimensional chains. However, our results provide a simple
neous phases and pointing out that phase separation repladdgture that, we presume, can put to test the dilute limit of
the canted phase in a large region. Indeed phase separatigl¢ctron doped systems. In these systems, the limitations of
appears in several numerical treatments of the proBfem. the model Hamiltonian may not be as stringent as in the hole
other analytical treatments, more adequate to treat local irdoped systems for the following reasofig:the lattice struc-
stabilities, nonsaturated local magnetization states have afHre is more symmetric so Jahn Teller distortions should play
peared at zero temperatffeM. Yu. Kaganet al?* have @ less important roléthis observation is consistent with the
studied the stability of the canted phases against the formdact that hole doped manganites;LaCaMnO; are insulat-
tion of large ferromagnetic “droplets” containing several ing for low concentrations of dopant while electron doped
particles and they conclude that the formation of droplets i®nes Ca ,SmMnO; are semimetallic for similar values of
favored in the ground state. The variety of results obtained:™) (ii) the large in-site Coulomb repulsion inhibits double
from the different approaches points to the need of clarifyingoccupation so that it may be possible to describe the physics
the picture and testing the results. by the use of a single effective orbitaiii ) the antiferromag-
The diversity of results in the phase diagram is connected€tic structure of two interpenetrating lattices can be prop-
to the two dominant magnetic interactions acting in theseerly described in one dimension.
systems: double exchange arising from theorbitals and In order to describe the manganites we consider two de-
antiferromagnetic superexchange due mainly to half filled grees of freedom: localized spins that represent fhelec-
orbitals. These competing interactions could give rise to textrons at the Mn sites, and itinerant electrons that hop from
tures of different scales according to the relation betwee2q Mn orbitals to nearest-neighbesy orbitals. The model
them. Hamiltonian includes Hund couplingl{) between localized
Here we study a model fatiluted compoundghat char- and itinerant electrons, an antiferromagnetic superexchange
acterizes them in terms of a single parameter: the relatiofteraction between localized spinK), a hopping term of
between superexchange and hopping energies. In fact tisérengtht which we will use as energy unit hereafter and an
ionic radii of the intervening dopants varies substantially theon site(U) and nearest-neighb@¥) Coulomb repulsions:
hopping matrix element through the variation of the Mn-
0-Mn angle as discussed in Ref. 33.
In this work, we find the low-energy quasiparticles and H=—-J3,>, S-o;+K>, S-S+ > tj(c/-cj,+H.c)
characterize their structure and dispersion relation in the low ! (B (i)
concentration limit. These quasiparticles correspond to the
electron followed by a ferromagnetic local distortiferro- +VZ ninj+UZ niNig, (1)
magnetic polaronin the antiferromagnetiAF) background. (L) :
The dispersion relation is dominated ky-k+ 7 scattering
due to the presence of AF order. In order to make a connedvhere n; ,=c;, ¢, (nj=n;j;+n;|), andc;,, ¢, creates
tion with transport properties, we study the tendency to loand destroys an itinerant electron with spinat sitei, re-
calization of these polarons in the presence of impurities anépectively.S ando; are the localized and itinerant spin-1/2
magnetic field. operators at sitg respectively. In order to reduce the Hilbert
We also study the interaction between the quasiparticlesspace we take&s=1/2 for the localized spins instead &
For two particles, the profile of each quasiparticle is practi-=3/2. It has been shown numerically that, in the absence of
cally the same as the one obtained for only one particle. Thantiferromagnetic coupling, the results 8+ 3/2 and 1/2 are
effective magnetic interaction between these quasiparticles gualitatively similar’? In the absence of AF coupling the
antiferromagnetic for large values &f and becomes ferro- Hamiltonian reduces to the model called Ferromagnetic
magnetic when the size of the polarons increase over sont¢ondo Lattice(FKL) studied with different numerical meth-
critical value. This change in the spin-spin correlation is fol-ods. The reported phase diagram is very similar for dimen-
lowed by a change in the charge-charge interaction. If theionsD=1, 2, 3 and even in infinite dimension showing a
size of the ferromagnetic distortion induced by one particle iferromagnetic phase for largk, /t.2225In the low electron
larger than some critical value the other particle could shareoncentration limit x~1) this ferromagnetic phase is ob-
the same distortion giving rise to a bipolaronic boundedtained for any value ofl,. In this limit the AF superex-
state. change coupling between localized spiKs$ is needed to get
We include diagonal disorder in the two particles problemthe observed AF phase. This model has been studied with
in order to determine how this affects the effective interac-Monte Carlo method for classical spins and finite
tions between the polarons. We find that randomness in dieoncentratiorf> Recently some results have also been ob-
agonal energies induce a distribution of effective interactionsained for a very small value df/t (K/t=0.05)% In this

1. MODEL
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paper we focus on the dilute limit considering the cases of 0.2

v 1 v Ll v 1
one and two added electrons. Preliminary results have been 0_1_"(5“)--A~-S=5/2 Egﬁ ]
reported in Ref. 27. .\\ ---o-- $=3/2 :8:12 ]
In the following we will concentrate on the case=V A 0.0 T S=12 "g:giig ]
=0, unless stated otherwise. For the manganites, it is be- 3014 6’:3:38 .
lieved that the coupling,, is large. However, there are some 23 020 N :gif_j \ ]
observations in LaMn@and CaMnQ which indicate thad, g 18 N 056 1

could be not so large. Quoted values refedte-1 eV from
optical conductivity dat® and bandwidtiW=1 eV > In our
one-dimensional counterpart model this would mein
=4t. Band-structure calculatioffsalso indicateJ,=1 eV.
A larger value ofJ is inferred from scanning tunneling -0.420- (l')) ) ’ ’ ' -
spectroscopy® Recent optical conductivity for CaMnO3 1

; : -0.425 4 --A--K=0.1 S= ]
gives 1.7 eMRef. 31, and 2 eV?? However,W s also larger 2 o Lg'; :JZ ]
in the ferromagnetic. Sarmet al®? indicate W=4 eV (t A_0430 T e k=03 s=12 ]
=0.3 eV), givingJh/W=1/2. In one dimension this would .*_--0.435-. ), :

correspond tal,=2t. In all casesU=8-10 e\»J,. For
that reason we will keep the model general considering both
the strong-coupling J,~10 eV) and weak-coupling J§

~1 eV) regimes.

Ill. ONE PARTICLE

In this section we investigate the homogeneity of the so- FIG. 1. (a) We show the correlation functiofn,S;S; ) for a
lutions for different values oK/t. To this end we calculate 16 sites chain, witl,,= 10 and different values & (K=0.1 tri-
the ground state with one itineramp, electron added, for angles,K=0.2 open squares, arki=0.3 full square} (Ref. 27.
chains of different sizes up td=20. For large values af;,, The maximum value of for each value oK is indicated in the
the particle modifies substantially the spin structure in itsfigure. One can observe that the tofalnd the extension of the
surroundings forming magnetic polarons. The distortions of_nagnetic distortioh increase Esdecreases. The osci_llatory behav-_
the magnetic structure around the particle can be determind@f found atk=1 is a consequence of the weakening of the anti-
from correlation functions which mix charge and spin vari- férromagnetic links around the charge. The inset sh(8/S; )
ables. In this way it is possible to distinguish between pO_for a 16 sites Heisenberg chain where the link at site zero |s§1factor
laronic and nonpolaronic regimes. 2 smaller than the restb) The same a¢a) for the weak-coupling

The quasiparticle character of this polaronic distortion be €9IMe On=1).

comes evident from the dispersion relation. The effective

mass of the quasiparticle is inversely proportional to thecreases t&=1 [this occurs forK/t~0.3 in the case of Fig.
bandwidth. In this way it is possible to study the variation of 1(&) for J,/t=10] and higher values indicating a net polar-
the effective mass as a function of the parameters. ization of the localized spins. In this case, we can refer to a

By lowering the diagonal energy in one site it is possiblepolaronic regime.
to localize the polaron. We study the dependence of the lo- In Fig. 1(b), we show the same correlation function for
calization length and the spin distortion on the effective masd,=t. For this value ofJ, we are already in the weak-
and on an external magnetic field. The correlations functionsoupling limit where the spin distortion is almost null for any
of this section have been calculated using periodic boundaryalue of K/t (notice the change in the vertical axis sgale
conditions(PBO). The profile of the distortion in this case is, in fact, very
similar to the one obtained in the strong-coupling limit, (
~10t) for large values ofK/t. The polaronic regime ap-
pears, in this case, for much lower valueskot.

In order to determine the polaron profile we calculate The oscillations observed in the curve corresponding to
(niS;S;j. 1) for the ground state. Because of translation symK=0.3 are also observed for larger valueskofThey are a
metry this correlation function depends only pr-j|. The  consequence of the weakening of the antiferromagnetic links
results for different values df/t andJ,=10t are shown in  around the charge position which produce a sort of local spin
Fig. 1(a) where we plotN(n,S;S; ;) vs j, whereN is the  dimerization. Because of the competence between double ex-
number of sites. As it can be seen in Fig. 1, for lajghis  change and superexchange, the effective antiferromagnetic
correlation function takes a value very close to the one obinteraction between the site where the particle is and the
tained from the Bethe ansatz solution of the Heisenbergearest-neighbor one is weakenédyS,S;)>—0.443). The
chain,(S;S;, ;)= —0.443. The extension and the magnitudenext spin correlation(f,S;S,)) may be even stronger than
of the spin distortion around the particle increaseskéds in the undoped cas€1f,S;S,) < —0.443) due to this weak-
decreases. For large valueskoft, the background of local- ening. This forces the next link(16;S,S;)> —0.443) to be
ized spins remains in 8=0 total spin state although it pre- weaker, and the same kind of reasoning can be applied to the
sents distortion in the spin-spin correlation function due torest. This effect explains the oscillations @f,S;S; ;) as a
the itinerant particle. By decreasirtg/t the total spin in- function ofj for large values oK/t. To prove this point we

A. Polaron profile
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- [] ]
@, -0.2 . . can be easily verified that the effective hopping of this pro-
= 0.3 . ] cess is equal to,=t/\/2. The dispersion relation given by
\ ] . 1 this dynamics is:A/2+ \[(A/2)?+ 4t5,cog(k). The expres-
'0'4'_ . ] sion corresponding to the lower band fits well the numerical
o5+——————F+—+7—"7+— results forK =3 andJ,= 100 as shown in Fig. 2 from Ref.
0 2 4 6 8 J 10 27. This expression is valid in general for a particle moving
h in an antiferromagnetic background where scattering be-
tweenk andk+ 7 states dominates the dynamics of the par-

FIG. 2. (a) Evolution of the polaron profile from the weak cou- ticle
pling regime (,=1) to the strong-coupling limit J,=10). (b) - . .
Magnetic correlation between the site where the particle is and the In Fig. 3 we show the SC?‘“”Q of the energy difference
nearest neighbor as function & . betweerk andk+ 7 states. This difference must tend to zero

asN tends to infinity due to the reasons explained above. In

show in the inset the nearest-neighbors spin-spin correlatioftiS way we can check the quality of the scaling used to
functions for a Heisenberg chain of the same size where thgalculate the points in Fig. 2 from Ref. 27. The Ilr;ear ex-
link between site zero and one is a factor of 2 smaller tharffapolation goes to zero with an error lower thar 50 ° for
the rest. the three values dk/t considered.

In Fig. 2(b) we show the variation of the polaron profile  In the case>J,>t the spin distortion can be neglected
as a function ofl;,, for K/t=0.1. In this way it is possible to and the particle propagates in an antiferromagnetic lattice.

see the transition from nonpolaronieeak-coupling to po- Thg Hund !nteraction alterngtes the site energy of the propa-
laronic (strong-coupling regime. gating particle so that the difference between the two sublat-

tices is given byA:Jh(<O'ISJ+1>_<O'JS]>)EJh(<S]SJ+1>
—(0;S;)) where we approximatéo;S;)~ 1/4 its value at the
triplet state, and 0;S;,1)~(S;Sj,1)=In2—-1/4, the Bethe

As K decreases, it is difficult to find an adequate approxi-ansatz value. Using these values we fing 0.193;,. In this
mation to describe the large polaronic distortion. In order tocaset,; is equal tot.
obtain the effective mass of these polarons, we investigate When J,>t=K, the magnetic distortion around the
the dispersion relation for charge excitations. To this end weharge is large and the effective hopping is dominated by the
calculate the lowest energy state for different values of theyverlap between the magnetic distortions about the nearest-
momentumk=27n/N within the subspace where the total neighbors sites. This last effect dominates the polaron effec-
spin is that of the ground state. In Fig. 2 from Ref. 27 wetive mass. Therefore the mass of polarons increases When
show the dispersion relation scaled to the thermodynamigecreases, as in Fig. 2 from Ref. 27 whesedecreases from
limit for K=3, J,=100; K=1, J,=10; andK=0.3, J,  0.75 for K=1 to 0.23 forK=0.3, showing that the spin
=10. distortion around the charge increases in magnitude and ex-

We start analyzing the dynamics in the regime wheretension wherk decreases.
(Jn>K>1). In this case, the charge moves as a spin one The bandwidth calculated for several valueskofFig. 3
(2). The effective hopping resulting from the projection of of Ref. 27 clearly shows two regimes¢ <t andK>t. The
the hopping term onto the reduc&¥1 Hilbert space is: first corresponds to a large magnetic distortion and the sec-
tP;;(%iS;+1/2), wherePj; is the permutation operator be- ond corresponds to a smaller one according to Fig. 1. The
tween sitesi andj. We can picture the movement of the bandwidth goes to zero witK indicating that the effective
particle, in this limit, as going fromastate T | T | T | mass of the polaron increases continuously by decred&ing
to an intermediate stat¢ T | T 0 T |, and finally to  WhenK is equal to zero the size of the ferromagnetic distor-
LT 1 17 1L 1% |, wheref (0) represents th&,=+1(0) tion becomes infinite and we cannot consider any more this
components of the spiB=1. Thus, in order to move, the distortion as part of the quasiparticle structure. The quasipar-
charge has to hop to the nearest neighbor, via a spin-flificle scenario is no longer validk is not possible to associate
process, through states that differ in energyAdyK/2. It  a magnetic distortion to the electron since the magnetic dis-

B. Dispersion relation
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FIG. 4. Charge localizationa We show(n;) as a function of FIG. 5. Same as Fig. 4 for the weak-coupling regidg<1).

position in a 16 sites chain where the energy at site zero is change o L
from the rest by— eq=—0.05 units oft. The short localization (ﬂfference between the localization and the magnetic distor-

length of the lowelK curves indicate effective bandwidths of the tion lengths depends on the value i6fand ¢;, and deter-

order of the energy changgh) We show the extension of the mag- Mines the limit of validity of the quasiparticle concept.
netic distortion induced by the localized particle. For large values oK the polaronic distortion is very small

and the localization length does not change substantially be-
tortion is infinite). In this limit, the electron moves in a fer- cause the effective mass of the quasiparticle is similar to the
romagnetic background freely and thus generates a banéf€e mass. WhelK becomes smaller the localization length
width equal to the tight-binding t4 In our case, since we Starts to decrease as a consequence of the increase of the
have considered finite systems, this happens for a small, b&ffective mass. This behavior remains up to some valu¢ of

not zero, value oK. This regime was not shown in Fig. 3 of Where the size of the magnetic distortion is similar to the
Ref. 27. localization length. If we further decrease the valu&dhen

the localization length starts to increase up to the value cor-
responding to the free case f#r<e¢y, and we loose the
quasiparticle picture.

To test how robust the polaronic description is, we pinthe In Figs. 5a) and §b) we show the same as in Fig. 4 but
polaron by changing ir- €, the diagonal energy at site zero. for the weak-coupling regimeJ;=t). In this case the local-
This may be relevant to the real materials since the dopingzation length is always larger than in the strong-coupling
process necessarily introduces some disorder. This alwaysgime as expected. The size of the magnetic distortion is
localizes the particle in a linear chain, but the localizationalso smaller.
length should be very different for different effective masses. It is interesting to note the differences in the profile of the
A small ¢, localizes much more the polaron for low values magnetic distortion between the localized cébay. 4(a)]
of K than for larger ones. This is shown in Figa#where  and the homogeneous cdség. 1(a)]. In the localized case
we plot(n;) around site zero for different values I§f while  the magnetic distortion is abrupt defining the polaron limits
fixing J,=10t and e,=0.05. We also show in Fig.(8) the  quite sharply(one could think of a step shapén the non-
correlation function(nyS;S;, ;) in order to determine the localized case the polaron profile decays more continuously
magnetic distortion associated with each localized statedefocusing the polaron limitsone could think of an
While charge localization does not change very muchkfor exponential-like shape
between 0.02 and 0.1, the magnetic distortion increases In Fig. 8a), we show the change in the values(af) for
monotonically by decreasing. To understand this point is different magnetic fields in the strong-coupling regindg (
useful to take the limitk/t=0 and then slowly increment =10t andK=0.1t). S, increases by 1 between two succes-
K/t. ForK/t=0, the system is a fully polarized ferromagnet sive values ofH starting fromS,=2.5 for H=0. It can be
and thus the ferromagnetic distortion is infinite. In this caseseen that the localization of the polaron decreases with mag-
however, the localization length is finite, although the largeshetic field as a consequence of increased effective hopping
possible. AsK/t increases the magnetic distortion will between nearest neighbors. A fact that may be important for
shrink, without affecting the localization length, at least until the transport properties of these systems since it implies a
they are comparable. In this regime the magnetic distortion isegative magnetoresistive behavior for conductivity due to
decreasing while the localization length is not changing. Thehopping between localized staf®s**5The size of the mag-

C. Localization
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FIG. 6. Effect of magnetic field on charge localization in the F|G. 7. The same as Fig. 6 in the weak coupling lindit€1).
strong-coupling limit §,=10). We show(a) {n;) for different val-
ues of an external magnetic field for the same chain as in Figp) 3;

the evolution of the magnetic distortion as function of the magnetid€ndency towards repulsion. However, in some cases this
field. could just indicate that the size of the chain is similar or

smaller than the mean separation between the two particles

netic distortion relative to the background increases with thd? @ bound state. To discriminate between these two possi-
magnetic fieldsee Fig. 60)]. This could be due to the stron- b!l|t|es it is necessary to calculate the binding energy for
ger effect of the magnetic field on the spins which are closdlifferent sizes of chains. o
to the boundary of the polaron. Those spins are forming Figure 9& shows the binding energyE(2)+E(0)
weak links due to the competition between super and double 2E(1)] @s a function of the inverse of the chain length, in
exchange so they must have a larger susceptibility. the strong-coupling limit. We find that, although up to the

In Fig. 7(a) we show the effect of magnetic field on the SiZeS we can compute the interaction is always repulsive for
localization for the weak-coupling limitl,=1K=0.1). Itis K=0.1, the ext_rapolauon to the t_hermodynarmc I|m|.t seems
clear from this figure that the magnetoresistive effect is veryO give a negative value, suggesting the possible existence of
weak compared with the strong-coupling limit. In addition, @ bound state. Whei is low enough K=0.03) the binding
the size of the magnetic distortion is very sni#lig. 7(b)] as  energy is already negative fof=12. The fact that the inter-
expected for the weak-coupling regime. action is repulsive for chains smaller than 12 sites indicates
that the mean separation of the bound pair is around six
lattice parameters. In Fig.(8) we show the weak-coupling

IV. TWO PARTICLES limit. Now for every value ofK we get a vanishing binding

In this section we study the interaction between the qua€nergy extrapolated to the thermodynamic limit. This reflects
siparticles. To this end we calculate the magnetic distortiorihe importance of the double exchange in the dynamics of
induced by two itinerant electrons, as well as the binding

energy and the charge-charge correlation function. In this 25— T T T T T 1
way it is possible to discriminate if the effective interaction --a-- K=0.05 s
is attractive or repulsive. 201 _aK=0.1 =
To obtain closed shell conditions in the spinless limit 15] —o—K=02 4 ]
(K/t=0 andJ,—«) we have taken antiperiodic boundary é— 7] o K=03
conditions(APB). We have only used PBC for the calcula- c 1.0 s .
tion of binding energies because this quantity also involves v ,’.‘/'
the energy of one particle added, which has been calculated 0.51 » 7 il
with PBC. 0.0, - .
The charge-charge correlation functigngn;) gives in- 1 2 3 4 5 6 7
formation about the character of the interaction between the j

polarons. This correlation function is shown in Fig. 8 for a
chain of 14 sites. The maximum always occurs for the largest FIG. 8. Charge-charge correlation as a function of distance in
possible distance between the particles, what could indicatetae strong-coupling limit J,,= 10).
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8)0.05- J,=10 0o 0] i
: 53
E0.00 .—.—.

0.05 T T T T T T
b) Ly ]
,0.04 1 . - . . :
o ] FIG. 11. Spin-spin correlation as function of distance for the
o 0.034 J,=1 | i largest separation between the charges.
20
ué)o.oz_ - . i existence of a bound state under some critical valu¢ cén
f= ] ™ ) be understood.
-8 0.01 - pu If the spin-bag picture is correct, the polarons must inter-
o ] 588 6 51 act ferromagnetically When they form a_bound state. This can
0.00 +——————7———1———— be checked by calculating the total spin of the ground state
0.00 0.02 0.04 0.06 0.08 0.10 0.12 and the spin-spin correlation between the charges. In Fig. 11
1/N we show spin-spin correlation as a function of distance when

one particle is at site zero and the other one is at the longest
FIG. 9. Binding energy E(2)+E(0)—2E(1)] as function of  distance in the chaifsite 7 in a 14 sites chainlt is clear
the inverse of the system size in the strong-coupling lindif ( that, asK decreases, the interaction between the two charges
=10). becomes more ferromagnetic. To confirm this result, in Fig.
12, we show the spin-spin correlation function between the
the electrons. By increasing the coupling the system seems two particles from where the effective magnetic interaction
cross between a nonbounding regime into an attractive onéoetween the two quasiparticles can be extracted. It is clear
In Fig. 10 we show the profile of the magnetic distortion that this interaction evolves from a very small value Kor
for different values ofK and for the maximum separation =0.4 to the largest ferromagnetic value #6r=0.1.
between the particles. As for the one particle case, the size This change in the behavior of the interaction is also ob-
and amplitude of the magnetic distortion increase&ake- tained in the charge-charge correlation functigfig. 8
crease giving rise to a strong polaronic regime #r where, for some critical value df between 0.1 and 0.05
~0.1t-0.2. The two polarons are practically independent ofwe observe a change in the variation of the intensity of the
each other, since their shape is essentially the same as in theaximum withK. It increases with decreasigfrom 0.3 to
single polaron regime described in the previous sedee 0.1 and then it decreases practically the same magnitude be-
Fig. 1). If the size of each polaron becomes larger than soméveenK=0.1 andK =0.05.
critical length, one would expect that the second particle We also studied the interaction between polarons in pres-
added could gain some magnetic energy by sharing the dignce of disorder. As it is seen in Fig. 4, lowering of the
tortion created by the first one. This mechanism is similar tadiagonal energy of one site not only pins the quasiparticle,
the spin-bag idea proposed by Schrielfeto explain the but also changes its size. This change should induce a modi-
attractive interaction giving rise to pairing in the high- fication of the effective magnetic interaction between two
temperature superconductors. From this consideration, thginned quasiparticles. This can be seen in Fig. 13 where we

T T T T T T T T T 03—
0.2 ]
] 0.25
0.1 ]
= 004 020+
c o1l A 015
0.1 N
*, 7p)
_-0.2-  0.104
(7)) (7]
VvV .0.31 V  0.05-
04 0.00
OSt+———T——T— ! ! ! -0.06 +—/—7—"—7——7""T""—7"—"T1"7—
6 2 4 6 8 10 12 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
J K

FIG. 10. Profile of the magnetic distortion with two particles  FIG. 12. Spin-spin correlation between the two added electrons
added for different values d. for different values oK.
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05— T T 7T effective interaction. FOK=0.05 this effective interaction
0.201 becomes ferromagnetic and we get a uniform ferromagnetic
0.151 state(the size of the induced distortion is equal to the size of
c 0.107 the system
& 0.05 Localizing the particle reduces the overlap between po-
— 0.00 larons, the system becomes more inhomogeneous and the
¢ -0.051 effective interaction between the polarons evolves from fer-
c_0.107 romagnetic to antiferromagnetic. For example, Ko=0.1,
g))o:g';gz (SoS7non7) is positive with eg=0 (Fig. 11 and becomes
V 05 ] negative forey=0.05 (Fig. 14).
' Finally, we have studied how sensitive are the results to

the inclusion ofU andV in the strong-coupling regime. We
j do not find any significative change in the physics due to the
presence of these interactions. As we are studying the dilute
FIG. 13. Spin-spin correlation function between the two par-limit, this interactions should not be so important as for
ticles as function of the relative distance. The diagonal energies dfiigher concentrations. Even though, if both particles are at
sites 0 and 7 have been lowered by in order to pin the two  the same site, they must be in a singlet state due to the Pauli
quasiparticles foK=0.2. e,=0.01 (solid squares e;=0.1 (open principle. This state has a very large energyJ,) in the
circles, ep=1 (solid circles. strong coupling limit 0,,=10) giving rise to a very small
double occupation in the ground state. This explains the poor
show the spin-spin correlation between the two particles @ole of U. To explain the weak effect of it is useful to take
function of distance and for different values @f. The diag- a look at Fig. 8 where it can be seen that the occupation of
onal energy has been changed-by, in both sites 0 and 7. adjacent sites for the two particles is very small.
The effective magnetic interaction evolves from ferromag-
netic values forep<<0.1 to antiferromagnetic foey>0.1.
This can be easily understood from the reduction in the size V. CONCLUSIONS
of the polaron distortion which is induced by the increment |, symmary, we have investigated the possibility of
of the pinning energy,. As each particle is more localized, strong magnetic distortions induced by carriers in the ground
the overlap between polaronic distortions decrease. Each pagtate of the DE-SE model Hamiltonian. The model describes
ticle cannot see the magnetic distortion generated by thghains of localized spins coupled antiferromagnetically and
other and the effective magnetic interaction is dominated bynteracting ferromagnetically with itinerant electrons. We
the superexchange through the localized spins between thgwe studied in detail the case with one and two electrons.
two po!arons. o ) Assuming the model adequately describes the physics of
In Fig. 14, we show the variation of the effective mag- electron doped manganites, the results presented here point
netic interaction between two pinned quasiparticles as g a picture of these systems where heavy polarons dominate
function of K. In this case we get a nonmonotonic behavior.the magnetic and transport properties. Their masses depend
By decreasingK from 0.5 to 0.2 the effective interaction strongly on the relation between the hopping energy and the
becomes more ferromagnetic. But fisr=0.1 this behavior antiferromagnetic superexchange interaction. Clearly, the
changes drastically becoming antiferromagnetic when th@oping itself will localize the polarons so that transport will
particles are close to each other and ferromagnetic whepssylt from hopping between pinned sites. Negative magne-
each one is close to its pinning center. This indicates theoresistance should appear as a consequence of the decrease
formation of two well defined ferromagnetic distortions sur- of the pinning energy with magnetic fiefd.
rOUnding each center of plnlng with an antiferromagnetic We have done Sca”ng on the b|nd|ng energy of two po-
larons. Two regimes can be identified depending on the cou-

0.30 pling (J;). In the strong coupling case, although only for
0.25 small values ofK we find a negative binding energy(
0.20 <0.05 and\N=12), the scaling to the thermodynamic limit is
0.151 X SR )
A 010 negative for everK we have studied, indicating the possible

g 0.05] existence of a bound state. In the weak-coupling case, for
most values oK, the scaling to the thermodynamic limit is

£ 000 TN 0
53 -0.05 4 \/ 3 zero, and all values are positive. However, as the charge-
o "0-101 ] charge correlation functiofsee Fig. 8 is always peaked at

v :g';g: ] the largest possible distance between the particles, it is nec-
-0.25] TT—o— essary to confirm our scaling results in larger systems.
ol The existence of a bound state can be understood from the

1 2 3 4 5 6 7 ferromagnetic distortion of the polarons. Below some critical
j value of K this ferromagnetic distortions of two neighbor

polarons overlap and the charge-charge interaction becomes

FIG. 14. Same as Fig. 13, but for different valueskoinde,  attractive. This scheme resembles the spin-bag picture pro-
=0.08. K=0.05 (solid circle3, K=0.1 (open squards K=0.2  posed by Schrieffer to explain the pairing mechanism in the
(open circley, K=0.3(solid triangle$, andK =0.5 (solid squargs ~ high-T; compounds. The effective magnetic interaction be-
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tween polarons also changes from antiferromagnetic to fer- Finally, we would like to point out that the order of oxy-
romagnetic by decreasing the valuekaf gen vacancies in CaMnQ s makes real the possibility of
We have also studied the effect of localization on theone-dimensional electron paths in these matetfal§e hope
effective interaction between the quasiparticles. The effect ofhat our results will stimulate more experimental and theo-
localization is not only to pin the quasiparticles but also toretical investigations on the electron doped manganites.
change the shape of the ferromagnetic distortion. As the
shape and size of this distortion is clearly connected with the
spin-spin and charge-charge effective interaction we get that
the amount of disorder play a very relevant role in the low- Two of us(C.D.B. and J.B.were supported by the Con-
energy physics of these quasiparticles. Depending on the pisejo Nacional de Investigaciones Cidicas y Tenicas
ing energies, ferromagnetic and antiferromagnetic interaccCCONICET). B.A. was partially supported by CONICET.
tions could be generated. In real systems frustration inducell.A. gratefully acknowledges support by Universidad Na-
by such competing interactions could give rise to spin-glasgional de Cuyo during his stay at Instituto Balseiro. We
behavior. In this way, the interplay between diagonal disorwould also like to acknowledge support from the “Funda-
der and effective magnetic interactions between polaronsion Antorchas” and the program for scientific cooperation
could explain the cluster glass character of the metallic phaseetween France and Argentina ECOS-SECyT A97E05. This
found by Maignanet al!® in Ca_,SmMnO; for 0<x research was also supported by the U.S. Department of En-
<0.12. ergy under Contract No. W-7405-ENG-36.
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