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Magnetic polarons in the one-dimensional ferromagnetic Kondo model
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The ferromagnetic Kondo model with classical corespins is studied via unbiased Monte Carlo simulations.
We show that with realistic parameters for the manganites and at low temperatures, the double-exchange
mechanism does not lead to phase separation in one-dimensional chains but rather stabilizes individual ferro-
magnetic polarons. Within the ferromagnetic polaron picture, the pseudogap in the one-particle spectral func-
tion A (w) can easily be explained. Ferromagnetic polarons also clear up a seeming failure of the double-
exchange mechanism in explaining the comparable bandwidths in the ferromagnetic and paramagnetic phase.
For our analysis, we extend a simplified model, the finite-temperature uniform hopping appudé&h, to
include polarons. It can easily be evaluated numerically and provides a simple quantitative understanding of
the physical features of the ferromagnetic Kondo model.
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[. INTRODUCTION Refs. 6-8. It appears that quantum effects are important for
(S=1/2) corespins or aT=0. For finite temperature and
Manganese oxides such as (LaSrMnO; and S=3/2, classical spins present a reasonable approximation.
La; ,CaMnO; have been attracting considerable attention Elaborate MC simulations for the ferromagnetieM)
since the discovery of colossal magnetoresista@éR).1?  Kondo model with classicat,y corespins have been per-
These materials crystalize in the perovskite-type lattice strucformed by Yunoki and co-workers™ Yi et al,*? and Fu-
ture where the crystal field breaks the symmetry of the'ukawa and co-worker'* Static and dynamical properties
atomic wave function of the manganeselectrons. The en- 0f the model have been determined. These studies revealed
ergetically lowert, levels are occupied by three localized features(discontinuity of the mean electron density as a
electrons. Due to a strong Hund coupling their spins ardunction of the chemical potential, infinite compressibjlity
aligned, forming a localized corespin wig=3/2. The elec- Which have been interpreted as signatures of phase separa-

tron configuration of the M# ions ist3.el, whereas for 0N (PS. PS has also been reportedrom computations
a4 L 979 ... based on a dynamical mean field treatment of the DE model
Mn“™ ions thee, electron is missing. Due to a hybridization - ; o
f th fg » ith th bitals. th at T=0. A phase diagram and critical exponents of the DE
ot the &, wave function wi e oxygen|Zorbitals, thee, model have been determined with a hybrid MC

electrons are itinerant and can move from an*Mion to a algorithm.l&”

neighboring M via a bridging G~ . The interplay of vari- In the manganites, the Hund couplidg is much stronger
ous physical ingredients such as the strong Hund couplinghan the kinetic energy. Consequently, configurations are
(Jn) of the itinerant electrons to localized corespins, Cou~sery unlikely in which the electronic spin is antiparallel to
lomb correlations, and electron-phonon coupling leads to ghe local corespin. The present authors have proposed an
rich phase diagram including antiferromagnetic insulatingeffective spinless fermiofESPH model® that takes effects of
ferromagnetic metallic, and charge ordered domains. The dyantiparallel spin configurations into account via virtual exci-
namics of the charge carriers moving in the spin and orbitatations. It has been demonstrated that the results of the ESF
background shows remarkable dynamical featdfes. model are in excellent agreement with those of the original
Since full many-body calculations for a realistic model, Kondo model even for moderate valuesJpf. This applies
including all degrees of freedom, are not possible yet, severallso to features which have been previously interpreted as
approximate studies of simplified models have been persignatures of P& Taking Coulomb interactions into ac-
formed in order to unravel individual pieces of the rich phasecount, PS has been argued to lead to either $hmillarge®
diagram of the manganites. The electronic degrees of fregnanoscalgeclusters, which have been the basis for a possible
dom are generally treated by a Kondo lattice model which, inthough controversiélexplanation of CMR?2 Moreover,
the strong Hund coupling limit, is commonly referred to aslattice distortion$™?* are believed to play a crucial role for
the double-exchang¢DE) model, a term introduced by the CMR effect?®and should also be included in the model.
Zener In addition, the correlation of the itineraey; elec- In this paper, we present a numerical and analytical study
trons is well described by a nearest neighbon) Coulomb  of the one-dimensional{lD) ferromagnetic Kondo model
interaction. The on-site Hubbard term merely renormalizewith classical corespins. We find that the correct physical
the already strong Hund coupling. For the Kondo model withinterpretation of the features which have been interpreted as
qguantum spins it is still impossible to derive rigorous nu-PS in the one-dimensional model is, rather, given by ferro-
merical or analytical results. If th&=3/2 corespins are magnetic polarons, i.e., small FM regions witne single
treated classically, however, the model can be treated by urrapped charge carrier. This is compatible with exact
biased Monte-Carl§MC) techniques. The impact of quan- diagonalization results for small clust&f§?’ and density-
tum spins on the electronic properties has been studied imatrix renormalization groufDMRG) studie$® for quantum
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S=1/2 corespins al=0. The polaron picture even applies A. Effective spinless fermions
without nn Coulomb repulsion invoked in Refs 19 and 20. It is expedient to use the individugy, spin directionS; as

Energetically, in one dimension there is no significant dif-te |ocal quantization axis for the spin of the itineragt
ference between polarons, bipolarons, or even charge acChrectrons at the respective sites. This representation is par-
mulations in the PS sense. It is, rather, the entropy whichgcularly useful for thel,,— o limit, but also for the projec-
even near zero temperature, clearly favors polarons. The p&on technique, which takes into account virtual processes for
laron picture allows also a straightforward and obvious ex{inite Hund coupling. As described in Ref. 18, the energeti-
planation of the pseudogap, which has been previously okeally unfavorable states witk, electrons antiparallel to the
served in the spectral densif§?12930 local t,, corespins can be integrated out. This yields the 1D

In a previous papéf we introduced the uniform hopping effective spinless fermion modéESH
approximation(UHA), which replaces the influence of the RIS
random corespins on thg, electron dynamics by an effec 0= _%:) tHC;’Cj—E IR

tive uniform hopping process. Essential physical features of ~ 2l
the original model could be described even quantitatively by ) ) _
UHA, while the configuration space, and hence the numeriThe spinless fermion operatarscorrespond to spin-up elec-
cal effort, was reduced by several orders of magnitude. Betrons (relative to thelocal corespin orientationonly. The
sides the numerical advantage, UHA also allows the derivaSPin index has, therefore, been omitted. With respect to a
tion of analytical results in some limiting casesTat 0. global spin-quantization axis the ESF mod#] still contains

In Ref. 31 we have extended UHA to finite temperaturescontributions from both spin-up and spin-down electrons.
by allowing for thermal fluctuations of the uniform hopping ~ The first term in Eq(1) corresponds to the kinetic energy
parameter. By taking into account the density of corespirin tight-binding approximation. The modified hopping inte-
states, it is possible to calculate thermodynamic quantities cxj;ralsti‘fj"' depend upon the,, corespin orientation
one- and three-dimensional systems in the UHA. The reli- , /
ability of this finite-temperature UHA has been scrutinized t77 =tou;” 2
by a detailed comparison of the results for various properties

of the ferromagnetic Kondo model with unbiased MC datawhere the relative orientation of thg, corespins at siteand

ci*ciJn]'(i}j)> S's. (@

in 1D | enters via
Here, we will generalize UHA to regimes, where a single U%:7(S) = cog ¥, /2)el i
hopping parameter is not sufficient to describe the physics of b g '
the FM Kondo model. Particularly near half filling, a typical ui‘fj_"(S):sir(ﬁij/Z)eiXii. &)

corespin configuration shows small ferromagnetic domains

(polarong immerged in an antiferromagnetic background. These factors depend on the relative angjleof corespinsS

Therefore, two different UHA parameters are necessary tandS; and on some complex phasgg and y;; .

model the impact of the fluctuating corespins on ¢jeelec- The second term in Eq1) accounts for virtual hopping

tron dynamics. processes to antiparallel spin—corespin configurations and
This paper is organized as follows. In Sec. Il the modelvanishes in the limitl,—c. The last term is a small anti-

Hamiltonian is presented and particularities of the MC simuferromagnetic exchange of the corespins.

lation for the present model are outlined. The general discus- It should be noted that the unitary transformation to the

sion of ferromagnetic polarons near half filling is presentedocal spin quantization axis is not unique. This fact can be

in Sec. Ill. Section IV develops a generalization of the uni-exploited to eliminate the phase factafrs in one dimension.

form hopping approach in order to treat FM polarons. Po-Then the nn hopping integrals are simply given by the real

laronic features in the spectral density are analyzed. The keyumbers cos;/2).

results of the paper are summarized in Sec. V.

B. Grand canonical treatment
We define the grand canonical partition function as
Il. MODEL HAMILTONIAN
AND UNBIASED MONTE CARLO

_ _ _ Z:f D[S] tree AAE —ul,
In this paper, we will concentrate solely on properties of

the itinerante, electrons interacting with thiecal t,, core- L ,

spins. We also neglect the degeneracy ofdherbitals. The g . m

degrees of freedom of the electrons are tﬁ%n described by f D[S]_il:[l ( fo déisin o) fo dd")’ “)

a single-orbital Kondo lattice mod&t.As proposed by de

Gennes? Dagottoet al.®?*and Furukawd® thetyg, spinsS, where tg, indicates the trace over fermionic degrees of free-
are treated classically, which is equivalent to the lif§it dom at inverse temperatu N is the operator for the total
—. The spin degrees of freedors)( are thus replaced by number ofe, electrons, ang. stands for the chemical po-
unit vectorsS;, parametrized by polar and azimuthal anglestential. Upon integrating out the fermionic degrees of free-
0, and ¢;, respectively. The magnitude of both corespinsdom, we obtain the statistical weight of a corespin configu-
andey spins is absorbed into the exchange couplings. ration S that can be written as
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trce_ ,B[lq (8- MN]

n
- ©)

w(S)=

Equation(4) is the starting point of Monte Carlo simula-
tions of the Kondo mod@&lwhere the sum over the classical

spins is performed via importance sampling. The spin con-

figurationsS enter the Markov chain according to the weight

factorw(S) that is computed via exact diagonalization of the

corresponding one-particle Hamiltonian in Eg). In the 1D FIG. 1. Idealized spin and hole-density configuration in a 1D

case we have performed MC simulations in which spins inKondo chain at the critical chemical potentjaf . A FM domain of
domains of random lengths were rotated. We have performek=4 lattice sites is embedded in an AFM background. A single
MC runs with 2000 measurements. The skip between subs&ole _is Ioc_:alized in the FM domain_giving ris_e to_ the depicted hole
quent measurements was chosen to be some hundreds of [§gnsity (different from the schematic shape in Fig 4 of Ref).33
tice sweeps reducing autocorrelations to a negligible level. _ ) ) )
Green’s function can be written as sults in the rang@~0.7-1.0.
We show that ferromagnetic polarons, i.eingle charge
E ot _ " N carriers surrounded by small ferromagnetic spin clouds, are
< (@ig:aj0))e= | DISIW(S)U; (S){(cii¢i))ys (6)  formed when holes are doped into the half filegband. In
order to model such a polaron in a one-dimensional system,
where((c; ;¢/))3 is the Green’s function in local spin quan- we takeL ; adjacent lattices sites to be in ferromagnetic order
tization. It can be expressed in terms of the one-particle eiand useFL,Lf(u) to account for the degeneracy of the re-
genvaluess™ and the corresponding eigenvectogs) of maining spins.

the HamiltonianH (S): First, we estimate the side of the FM polarof” using a
)iy e (V) simple polaron picture. In this view the hole is confined in a

(eic)S=S (D) () perfectly FM domain consisting df; lattice sites and out-

e & w—[eM—p]+io" side the domain the system is in perfect AFM or(sre Fig.

) ) . 1). The tight-binding energies in a potential we¢kM do-
It should be pointed out that the one-particle density of stategair) with infinite barrier height are
(DOSY) is independent of the choice of the spin quantization.

v
C. Uniform hopping approach €,=—2 COf{ Lf+1)' v=1,... L. (7)

The integral over the corespin states in the partition func-
tion (4) can be evaluated approximatively by resorting to aThe energy difference betweéa) a one-polaron state with
UHA.%! The key idea is to replace the impact of the locally Perfect FM spins within the polaron and perfect AFM order
fluctuating corespins on the hopping amplitudes by someoutside and(b) perfectly antiferromagnetically orderetg,
global average quantity. Then the Hamiltonian merely de- SPins is given by
pends on one parameter, namejyand the partition function
can be written as the one-dimensional integral

AEp:_Z CO{ )+2Jeﬁ(|-f_1)-

v
L Li+1
= = BIH()—1N]
z fo dul’(u)tree ) where the first term accounts for the kinetéelocalization
. ) . ~energy of the hole in the potential well and the second term

cally for 3D systems and analytically for 1D systems.  ponds. We have introduced the effective antiferromagnetic
Obviously, this simplification assumes a uniform medium.coyplingJ.¢, given by

In order to cope with magnetic polarons, the UHA has to be

generalized andl' (u) should be replaced by a two-parameter Je=J"+1/(23y)

density I"(u;,u,), whereus(u,) denotes the average hop-

ping within the(antjferromagnetic domains. The details and nearn~1 (see Ref. 18 For typical valuesly=6 andJ’
results of such a generalization are the contents of Sec. IV=0.02 we havel.~0.1. Upon minimizingA e, with re-

spect toL ¢, we obtain the optimal size of the polaron, which

Ill. FERROMAGNETIC POLARONS in the present case lies betwelep=3 andL;=4. If the FM
- . domain containdN>1 charge carriers, the energy difference
Near half filling of a singlee; band, a tendency towards is simply g 9y

phase separation has been observed in various studies. It has
been claimed that the system separates into FM domains of N

; ; ; ; v
high carrier concentration and antiferromagn€A&M) do- Aey(N)= _221 cos(

+2Jes(Ls—1).
mains of low carrier concentration. In the following we show Li+1 eff( L= 1)
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rable with the antiferromagnetic exchange in manganites, in-
dividual polarons are energetically favored.

The same analysis can be carried out in the higher-
dimensional case. The main finding is that the crossover
from PS to FM polarons shifts to lower valuesXy. In two
and three dimensions, FM polarons are energetically favored
for Jgi larger than 0.078 and 0.057, respectively. Therefore,
for values ofJ.; relevant to the manganites, we expect the
stabilization of FM polarons rather than PS.

Moreover, FM polarons have a much higher entropy than

0.5 5 b 5 HE the other o-bjects. '_I'hey are t.hus thgrmodynamically favored,
oy ’ : even if their state is energetically disadvantageousl AD
off the domains are not completelyant)ferromagnetically

FIG. 2. Critical chemical potentidlu®| of the homogeneous aligned, which further reduces the energy differences be-
model(solid line) from Ref. 18 as compared to the chemical poten-tween polaron and bipolaron/phase-separated states consid-
tial u* at which polaronsgdash dottefland bipolaronsdasheyd ~ erably. In a 1D chain, we therefore find individual polarons
start to enter the Kondo chain. even for values 084<0.12 at very low temperatures. This

conclusion is corroborated g@8=50 andJ.3=0.10 by the
For N=2, the optimum bipolaron size is;=7 and it in-  ensuing analysis of MC simulations.
creases td =10 for N=3 charge carriers. In order to scrutinize the polaron arguments, we compute

Next we estimate the chemical potentja¥, at which the mean particle numbers for the corespin configurations
holes start to populate the polaron states. Apart from thentering the Markov chain of unbiased MC
energy of the antiferromagnetig, spins, the total energiat R . . .

T=0) of the fillede, band is given in the grand canonical o tr[Ne T AIHE 7N 1
ensemble by—u*L. By equating this energy to the total (N)s3= tr [ e~ AN -]y AL 1+ efleS-ul’
energy of the polaron we have ¢

1.5¢

wheree,(S) are the eigenvalues ¢f(S) for the configura-

—pfL=—p*(L-1)+Aey(1), tion S. As a consequence of the above reasoning we expect a
broad distribution of integer-valued particle numbers if the
chemical potential is close ta*. The MC time series for
(N)g for a L=50 site chain J,=6J"=0.023=50) is
—2Jei(L—1). shown in Fig. 3. One time step corresponds to 1000 sweeps
of the lattice. The inverse temperatyse= 50 corresponds to
T=50-100 K, i.e., a temperature relevant for experiments.

The left-hand panel corresponds to a situation where the

which yields the desired chemical potential

T
*— =
o Aep(1) 2C05<Lf+1

The critical chemical potential is depicted in Fig. 2. Similar

) . . . :
considerations yield that™ also approximately presents the chemical potential is far above the critical chemical poten-

limiting chemical potential between the filled antiferromag- tial, which has the valug* = 1.02 for the present parameter

n_etlc band and a state .W't.h seve(al single FM polarons, P'%et. We see that the band is almost completely filled, with
vided the polaron density is low, i.e., as long as we have an

antiferromagnetic background. Consequently, at the chemicz%l?OIated dots aN.=49 corresponding to occasional FM po-
. y * H H
potential u* the electron density is not fixed. The energy arons. Atu” (central panel in agreement with the polaron

ain A e, exactly balances the loss of the chemical potentia icture, we find a broad distribution aiteger-valuednean
9 | ep B y ) b .Earticle numbers. If the chemical potential is reduced below
—u*. This implies that the electron density has a disconti-

X . L . *, the system becomes ferromagnetic and we find the stan-
nuity atu*, i.e., the compressibility of the electrons dlverges’u“ y g

. . ) dard result of free electrons with a narrow and continuous
which has been previously interpreted as a consequence 0

PS tendenciefsee Fig. 8) in Ref. 20 and Ref. 1B spread irKN) not re_strict_ed to integer valueg. _

If we repeat the considerations for bipolarons with the Ho_Ie-dress_ed spin-spin correlations provide another piece
respective optimized size_(=7 for the standard parameter °f €vidence in favor of FM polarons. The bulk of Monte
sef, we find a critical chemical potential, also depicted in Carl0 snapshotgnot shown, as taken from simulations for
Fig. 2, which is very close to that of polarons. If we proceedt® FM Kondo model, contains isolated FM polarons of size
to tripolarons we find again a similar* . As can be seen in =3 Or Li=4. Once in a while two of them collide and
Fig. 2, the chemical potential* virtually coincides with the form passing bipolarons. Th_e qbsgrved fraction of bipolarons
chemical potential.® of the “phase separation” obtained in corresponds to a rapdom Q|str|but|9n of polarons.

Ref. 18. This potential was calculated as the point of coex- In order to qu_antlfy the |nforme_1t_|on reveale_d by the MC
istence of FM and AFM order in a homogeneous system. | napshots, we introduce a modified corespin correlation

view of the rather rough estimate @f* we conclude that unction

polarons, bipolarons, up to phase separated FM regions, are L—1

energetically comparable as long as the size of the FM do- s (= i E nhSi~S, @®)
mains is optimally adapted. Fdgz=0.12, which is compa- L-I = o
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49— 33.5f
48— 4 . FIG. 3. Mean particle numbers
47 3 = 33 in a grand canonical MC simula-

N N 46~ et N tion (L=50,J4=6,J'=0.02,8
QB+ e oo < e e =50) as a function of MC time.
Q4 e e - 325 One time step corresponds to
43 . 1000 sweeps of the latticela)
49- AFM case =1.22), (b) polaron

] : 320 - regime (=up*=1.02), (c) FM
49 - - - - 41 ‘ regime (u=0.80).
0 1000 2000 0 1000 2000 0 1000 2000
MC time MC time MC time

which measures the corespin correlations in the vicinity of gpicture. We consider a single polaron in which one charge
charge carriethole). The density operatmih for holes at site  carrier is confined. Let the probability for the hole to be at
i is related to the density operator for electrons mfs=1  site» in the FM region bep,,, which is roughly given by the
—n;. Figure 4 shows the results of an unbiased grand catesult for a particle in an infinite potential weliee Fig. 1
nonical MC simulation. The observables are evaluated at difP,>Sinf[v/(L;+1)]. The spin correlation is computed as-
ferent subspaces with a fixed particle number. We observéuming perfect FM order inside the polaron and perfect AFM
ferromagnetic correlations that vanisH at3, corresponding order outside. The result of this simple idea loy=4 is

to a polaron that extends ovef=4 lattice sites. It should be shown as the dashed line in Fig. 4. It agrees qualitatively
pointed out that the MC result is almost independent of thavith the MC data. For a quantitative, but still fairly simple
number of holes in the system. In particular, the data do no#iescription, we will now generalize the uniform hopping ap-
indicate any enlargement of the FM domain for a larger num{roximation, to allow for FM polarons.

ber of holes. This result can only be explained by individual
FM polarons because the size of the FM domain
would strongly increase if there were two or more holes
trapped in it. In the preceding section we have interpreted the MC data

The inset of Fig. 4 shows the conventional corespin corby using the simplest polaron ideas. In what follows we will
relation functionS(l). We observe the expected antiferro- refine our polaron picture by including thermodynamic fluc-
magnetic correlations, which decrease slightly with increastuations of the corespins. This is done by a generalization of
ing number of holes. the finite-temperature UHA introduced in Ref 31.

The result for the modified spin-spin correlation function  In the spirit of UHA, the impact of the corespins on the
can again be explained qualitatively by the simple polaronmotion of thee, electrons is now described by two UHA
parametersy; andu,, for the FM and AFM region, respec-
tively. These two parameters are averages of the hopping
amplitudes in the FM and AFM domains, respectively. Their
distribution is given by a two-parameter density of states
denoted byl“Nf YNa(uf Ug).

The size of individual polarons is fixed to lattice sites.

It is, however, possible that polarons overlap. The positions
of the polarons are specified by the locati¢ns, . . . ,i,,} of
their left ends, wheren is the number of FM polaron wells.

If polarons overlap, they may form a bipolaron or even
greater accumulations of holes. The grand canonical partition

IV. UHA FOR FM POLARONS

S (/S (0)

0 > 4 6 5 10 function in this generalized UHA reads
! 1
FIG. 4. Modified spin-spin correlation function from un- Z:% i Ei ) f dedeuaer,Na(uf:Ua)
biased MC for an L=50-site chain containing one X(), Lroees m
two (<), three ©), four (<), and five ) holes. The inset Xir e—ﬁ[ﬂ(uf,ua;il ..... im) — N ©)
C .

shows the conventional spin-spin correlation functicfl)

=[1/(L—1)]=FS S, . The dashed line is calculated within the _ _ y -
simple polaron picture, while the solid line represents the general'-:or 1D chains, subject to open boundary condition, the joint

ized UHA result for a single polaron. Parameters gre50, 3¢ density I'y.  (us,u,) depends merely upon the number
=0.02, andJ,=6. N:(Ny) of bonds in FM(AFM) regions. In higher dimen-
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sions,FNf,Na(uf ,Uz) would actually depend upon the loca- Te

tion of the individual polarons. The generalized UHA Hamil- 0.1 i
tonian reads e

H(ug,Uqsig, - im) S 0.05

z 1
= efe— = -= 2. -
<i21_> quCI CJ ZJH E (1 z 25 u|,|+5> n; 0

C(lyC

+J' > (2uf-1), (10) 0.0}
(i) 0 10 20 30 40 50

where§ stands for nn vectors armdenotes the coordination I

number. The UHA parametes; are eithewu; or u,, depend-

ing upon the type of magnetic order at the adjacent sites

andj. The integrand of the partition function in E) de-

fines the joint thermal probability densip(u; ,u,|8). From

p(us,u,lB), we estimate mean values andUa of u; and

FIG. 5. Density density correlation function fok =50,
B=50,J'"=0.02,J4=6, andN,=2. Error bars represent unbiased
MC data, and crosses stand for polaron and circles for bipolaron
results, respectively, in UHA.

u, of a L=20-site chain, reading mate probabilitiesp, are retained. We employ the mean
_ _ UHA parametersi; andu, to describe the relative angles of
ug=0.937, u,=0.31 (1) neighboring corespins and average over typical corespin con-

figurations with random hole positions. A comparison of the
blpbiased MC results with those of this approximate
polaron approach, depicted in Fig. 4, reveals an excellent
reement.

Another observable to distinguish between polarons, bi-
Vpolarons, or even phase-separated high density FM clusters
is the density-density correlation function

for the standard parameter s&t=0.02 andJy=6 and g

=50. These mean values are independent of the number
polarons and their positions as long as the total volume of th
polarons is small compared to the system size. In order t§9
simplify the following discussion, we will replace the ther-
mal averaging of an observable by the value of that obser

able ath,ua. For the partition function this yields the
simple form 1 4=

|
C(|)==mi . (= (nM(nfl=(nf))y. (13

Z= tr efﬁ[ﬂ(if Ugiig, .. im)*,u(Lfm)], - |
% {il’Z - If holes form independent FM polarons, the correlation func-

(12 tion should be structureless, while if holes gather in one FM
where the influence of the thermal fluctuations of thereglme,_the_ correlat_|on fu_nctlon will e_xh|b|t a positive peak
o ) ) ) — at a typical interparticle distance. In FigK1) is shown for

corespins is contained in the average hopping amplituges he tyo-hole subspace, where only those spin configurations
andus,. _ _ of the Markov chain are taken into account, for whidh

These average hopping amplitudes, however, are not suf=2. The UHA-polaron result is derived as follows. The po-
ficient for the determination of observables that do not di-sitions of two FM regions of sizé&;=4 are chosen at ran-
rectly derive from the partition function such as spin-spindom, including overlapping ones. The hopping parameters
correlations and one-particle spectral functions. In principlearem(i) for FM (AFM) bonds and the resulting tight-

. . a
these observables can be calculated in UHA by averaginginging model is solved. The lowest two eigenstates will
over a set otypical thermal corespin configuratiofs} ob-  yhen pe localized in the two FM potential wells. The result-
tained in UHA. In order to construct such a set, the azimuthajny correlation functions are averaged over all possible posi-
angles are also required, although they do not enter the efyns of the FM potential wells. We observe a strikingly close
ergy and have a flat thermal probability density. The simplest,eement with the unbiased MC results. Similarly we pro-
way of constructing typical corespin configurations is 10 ceeq in the bipolaron case, which is characterized by a single
draw azimuthal angles at random. Starting from the referencgy, region of optimized sizel(;=7). Here the two holes
spinS, we proceed to the neighboring corespins by adding gccypy the ground state and first excited state of the FM
random azimuthal anglg to the fixed relative polar angle. hqiential well. The resulting correlation function differs dras-
Thus we obtain a collection of typical corespin configura-tica|ly from the MC data. This discrepancy increases with
tions {S}. increasing hole number, which shows clearly that the physics
of the 1D FM Kondo model is correctly described by single-
A. Static correlations hole polarons and not by phase separation.

We continue the discussion of the modified spin-spin cor-
relation functionS,(1). For a quantitative, but still fairly
simple description, we take the deviations from perfect FM In this subsection, we compute the spin-integrated spec-
and AFM order into account, while for the hole the approxi-tral density

B. Polaronic features in the spectral density
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FIG. 6. Spectral density of a half-filed Kondo chain with parameters20, 3=50,J'=0.02,J,=6, and x=1.25. Dashed lines
represent unbiased MC data, solid lines stand for UHA resyl&0.31). Inset: density of states. The vertical bar indicates the chemical
potential. The lefright)-hand panel shows UHA results in lodglobal) spin quantization. Error bars have been omitted for clarity.

1 pling distribution in azimuthal angles. This is little numerical

Aw)=—— > Im(ay,iad,))e effort, as only the prefacta;/ (S) is affected.

7 In the transition regiong=x*), the number of polaron

for the original DE model by unbiased MC simulations basedwells is not well defined, as pointed out in conjunction with
on the expression E@6). The results will again be analyzed Fig. 3. In order to obtain a detailed understanding we com-
by UHA in the framework of the polaron ansatz. In particular pare unbiased MC data and results of the polaron ansatz in
the pseudogap in the spectral density nearl, found in the  the subspace of fixed participolaror) number.
FM Kondo model® can readily be explained in the po-
laron picture. It is a consequence of the ferromagnetic box in 1. Antiferromagnetism at half filling

which the hole moves. We begin the discussion with the spectrum of the AFM

The computation oA\ (@) in UHA is based on the rea- giate for the completely filled lower Kondo bardo po-
soning that led to the partition function in E(L2). That is, larons.

for eachﬁpdaron configuration and each valuaupf eigen- The unbiased MC data as shown in Fig. 6 display broad

valuese®™ and eigenvectorgy™) of the respective tight- structures due to incoherent motion of charge carriers in a
binding Hamiltonian are determined, from which the Green’sspin background that exhibits random deviations from per-
function fect AFM order. The result can be described by the UHA
o ansatz. For the mean value of the hopping amplitude we have
({ci;c;'»ia’uf, u,=0.31, which corresponds t¢SS;., ;)= cos@)=—0.7.

Since there are no holes, and consequently no polarons, the
is determined in local spin quantization. The transformationrUHA parameters are the same for all bonds. The left-hand
to the global spin quantization is given by H@): panel in Fig. 6 shows the UHA result in local quantization,

i.e., without the transformation given in E¢l4). In local

Uy Uy uantization, the spectral density is simply given b
S (agal)i=ull©eiehye.  aq A P Y15 SImPY given By

In the framework of UHA the relative angles of neighboring Ar(@)= 8w =2U,C08k)).
spins are fixed by the parameterg andus. For a unique The agreement with the unbiased MC result is rather poor at
description of the entire Spin Configuration, hOWeVer, aZi'thiS Stage a|though the band Wldth is a|ready We” approxi_
muthal angles are again required. We proceed as in the dignated. In the MC spectra, only very weak remnants of the
cussion corresponding to E(L3), i.e., for fixed parameters tight-binding features are visible on top of the incoherent
(us,uy), spin configurations are generated with a flat sam-spectrum, which is almodt independent.
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FIG. 7. Spectral density faX,,=1 holes(one polaron Param- L
eters like in Fig. 6, except=1.1. Comparison of MC dat@yray O_é
scale plot with results of the simple polaron-well model. Circles
(solid bright lines stem from states localized in the FIAFM) omega
well. Hopping parameters for the polaron-well model arg
=0.937,u,=0.31, andL;=4. FIG. 8. Spectral density fdi,=1 hole(one polaroh Symbols

as in Fig. 6 and parameters as in Fig. 7. The broad incoherent

. . ntral part of th rufidth =2u,) derives from the motion
However, if we take into account the necessary transforss tral part of the spectrufmidt Ua) derives from the motio

mation Eq.(14) to a global spin quantization, the agreementOf the electrons in the fluctuating AFM background. Polaronic
. L . ’ . . peaks show up aw==*1.5. Between these two structures a
IS S”'k'.”g'y. close(see right-hand panelThe quasiparticle pseudogap opens at the chemical potential It is accompanied
dispersion is strongly smea_red out due to the _rando_m aZly a mirror pseudogap near u* .
muthal angles of the corespins. There are two minor discrep-
ancies between UHA and unbiased MC. The tight-binding . ) g — f
remnants are more pronounced in UHA, while the MC re-eigenvalues in tfhe FM regios,,= —2ucosk,), depend on
sults exhibit a weak structure near=0, which is due to the momentunk,=v7/(Ls+1) withv=1,... L. The en-
random fluctuations in the relative nn angles, resulting in ergies of states corresponding to different localizations of the
locally trapped electrons. Nonetheless, at half-filing UHAFM well (i,=1,...L—L¢) are degenerate. The corre-
and unbiased MC simulations yield compatible results forsponding eigenstates in real space read
the spectral density and the density of statesets of o o
Fig. 6). i si(i—ig+1)k,], ip<i<igtL;
%" o, otherwise.
2. Ferromagnetic Polarons

Next we consider the case of one hole in the otherwisdn this simple polaron-well model the expression for that part
half-filled Kondo chain. To this end, we investigate the grandof the spectral density in local spin quantization is
canonical MC data in thé&,=1 subspace. The respective
MC spectrum is shown in Figs. 7 and 8. The main feature of f AN ‘
the spectrum is a broad incoherent background, similar to the Ak(“’)“gl izzl (k| 1)*8(w—€,)
one found in the AFM case. In addition, two dispersionless 0

Ly L—Lg

structures are visible ai~ = 1.5. As discussed earli&t>3a Ly f

pseudogap shows up at the chemical potential. We find that o Z c,(kK)d(w—e,), (19

an additionalmirror) gap appears at the opposite side of the vt

spectrum. where k) stands for the eigenvectors of the homogeneous

Before discussing the UHA result, we want to provide Atight-binding model with open boundary condition, i.e.,
rough explanation of the MC data in terms of a simple p°'<j|k>ocsin(jk). The coefficient, (k) as function ok shows a
laron model. We assume an FM polaron well of slze  road hump ak=k,. Hence, the contributions of the FM
=4, characterized by a tight-binding hopping parameter regions toA,(w) are dispersionless structures at energies
embedded in an antiferromagnetic background with hopping- ¢! | which are concentrated abdut k' . These structures
parameteru,. Since the two hopping parameters are veryare marked by open circles in the gray scale plot of Fig. 7.
different, we treat the various regions as separate chains afthey explain the additional features at the band edges, which
neglect their interaction. That is, there is an isolated tightare clearly visible in the spectral density in addition to the
binding chain of sizé ; corresponding to the FM region, and broad incoherent background. The latter is due to the motion
one or two chains corresponding to the AFM background. Aof the hole in the AFM regions. Since the AFM regions are
carrier is localized either in the FM or the AFM domain. The much larger than the FM well, a continuous tight-binding
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FIG. 9. Spectral density fa¥,,=2 holes(two polaron$ in the left-hand panel and,,= 3 holes(three polaronsin the right-hand panel.
Parameters and meaning of symbols as in Fig. 8.

band develops, characterized by the hopping paranugter For the same value of the chemical potenfiat 1.1, the

The band is shown as a white line in Fig. 7. This part of thetwo- and three-hole subspaces have been studied by project-
spectrum is similar to that at half fillingFig. 6). The remain-  ing the grand canonical MC data on thg=2 andN,=3

ing discrepancy as compared to the MC data is due to theubspace, respectively. The results are depicted in Fig. 9. The
fluctuations of the azimuthal angles of the corespins causingpectra are qualitatively similar to those for the one-hole sub-
the white line to become more incoherent, as shown by thepace. Only the spectral weight of the polaron peak increases
UHA calculations below. The transformation from local to and shoulders show up in the AFM part of the spectrum.
global spin quantization has, however, negligible impact orirhey are due to the interstitial AFM regions enclosed by the
the polaron states in the spectrum, since they are due to tHeM-polaron wells. The argument is the same as before. The
FM region, in which the fluctuations of the corespins are gllowed energies are (k)= —2u,cosk), but now the pos-

less relevant. As we can see in Fig. 7, our reasoning based @jble k values depend on the size of the interstitial regions.
a single polaron well already describes the qualitative fea-

tures correctly.
The origin of the pseudogap and its “mirror image” on C. Discussion
the opposite side of the spectrum can now be simply identi-

fied as the energy difference between the uppentioses? The emerging global picture is as follows. There exists a

. i e critical chemical potentiak*. The value ofu* can be ob-
state in the FM potential wellE =+ 2uscoga/(Li+1)]) and  yaineq from simplified energy considerations. Fossignifi-

the uppel(lowezedge of the tight-binding band in the AFM cantly aboveu™, the band is completely filled and antifer-

region E=+2u,) leading to a width of the pseudogap romagnetic. The spectral density in this case is shown in Fig.
AE=2{uscog§ #/(L;+1)]—u,} (see Fig. 7. 6. At u*, according to Fig. 3, holes enter teg band form-

A different picture would emerge if the FM domains were ing isolated FM domains each containingiagle hole (see
more extended, as, for example, in a PS scenario. Theljigs. 4 and & In the grand canonical ensemble, the number
would then contain many energy leveltsot only four as in  of polarons strongly fluctuates and the height of the polaron
Fig. 7) and should thusiot give rise to a pseudogap. peak in the spectrum is directly linked to the number of

For a more quantitative description we invoke the two-holes. The pseudogap appears around the critical chemical
parameter UHA as described before. In Fig. 8 the UHA repotential. For values beloyw*, the system switches from
sults, already in global quantization, are compared with thospredominantly AFM order to FM behavior and the
of unbiased MC simulations. The features of the spectrapseudogap gradually disappears in favor of a single quasipar-
density are well reproduced. UHA even yields quantitativeticle band of tight-binding type. Our analysis yields compel-
agreement as far as the pseudogap in the density of statelisg evidence against the PS scenario and in favor of FM
concerned. polarons. Furthermore, it appears plausible that the formation
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of FM polarons will exist in symbiosis with lattice deforma- band edges at finite hole filling are not really determined by

tions (Jahn-Teller polaron$-?® the AFM regime, but rather by the FM polarons.
The 1D Kondo model with quanturB=1/2 corespins
has already been investigatéd at T=0. For the weakly V. CONCLUSIONS
electron-doped case, an exact diagonalization fustyows In this paper, polaronic aspects of the ferromagnetic

that “heavy[magneti¢ polarons dominate the magnetic and Kondo (double-exchangemodel have been analyzed by un-
transport properties.” For higher electron doping, a DMRGhpjased finite-temperature Monte Carlo simulations and they
study”® reveals charge modulations on the scale of a fewhave been explained by simple physical pictures. It has been
lattice sites, accompanied by several types of spin orderingound that in 1D, the physical effects of the FM Kondo
even in the absence of Coulomb interactions. As in themodel close to half filling are not governed by phase sepa-
present work, the driving force that induces inhomogeneitiesation, as previously reported, but rather by single-hole fer-
is the interplay between the effective antiferromagnetic couromagnetic polarons. They can be explained qualitatively on
pling and FM double exchange. the back of an envelope by idealized polaron pictures.

For CMR oxides, Saitotet al*® have investigated the It seems sensible to reassess the explanations of CMR
temperature dependence of angle-resolved photoemissidi@sed on PS. These explanations are primarily based on per-
spectra(ARPES for the phase transition from FM to PM colation ideas, which can equally well be applied to FM
order. These studies show that a pseudogap also developslarons as percolating units. It appears plausible that the
aboveTc, which can be rationalized in the polaron picture. formation of FM polarons will exist in symbiosis with lattice
In the PM phase we have the competition of ferromagnetismgeformations (Jahn-Teller polarons Single-hole FM po-
driven by the DE mechanism, and spin disorder due to therdarons allow a direct explanation of the pseudogap, observed
mal fluctuations. Therefore, FM polarons will form in the in the manganites, whereas for larger FM clusters the
paramagnetic background. They will, however, be more expseudogap would be filled up by additional states. The strik-
tended because the PM force is less pronounced than tfieg similarity of the bandwidth of the FM and the PM phase,
AFM force at low temperaturesWith increasing tempera- observed in ARPES experiments, can also be explained by
ture, the corespin fluctuations become stronger and the comFM polarons in the frame of the DE model. Moreover, the
petition of the FM polarons with the PM background getsinfinite compressibility near the half filled band, which has
tougher. The existence of FM domains abdle has been previously been attributed to PS, is a consequence of
corroborated by neutron scattering experiménts. the fluctuating number of polarons in the grand canonical

Furthermore, the ARPES experiments revealed that thensemble.
bandwidth changes merely by about 4% across the FM to Work is in progress for higher-dimensional systems. Here
PM phase transition. On the other hand, it has been a*guedthe entropy is expected to have less influence on the thermo-
that the DE model predicts a reduction of about 30% in thedynamic behavior. Estimates suggest, however, that for
PM phase if there the mean angle between neighboring spirysically relevant values of the effective antiferromagnetic
is taken to ber/4 and the mean hopping parameter is therecoupling, FM polarons are energetically more stable than a
fore reduced to 3/2. The authors in Ref. 30 therefore PS scenario.
conclude that “DE is probab|y not even the dominant For the analySiS of the Monte Carlo reSUItS, we have ex-
mechanis . .. .” tended the UHA at finite temperatures to include polaronic

At first glance, the argument seems convincing. Howeveréffects. This ansatz reduces the numerical effort by several
in the polaron picture we do not really expect such a draorders of magnitude, while retaining all crucial physical fea-
matic change of the band width since it is determined by thdures. The key idea is to map the physics of the high-
polaronic peaks o = iZUfcoiw/(Lerl)]. Hence, the band dimensional configuration space of thg corespins onto an

edges depend on the hopping parameter of the FM regioﬂﬁeCtive two-parameter model. A full thermodynamic evalu-

and not on that of the PM region. Moreover, by the sameftion of the UHA model takes into account entropy and fluc-

reasoning that leads to a bandwidth reduction of 30% in thduations of the corespins. The results are in close agreement

PM state, one would expect that the bandwidth vanishes iMvith the unbiased MC data and allow a realistic description

the AFM phase at low temperatures, since here the neighboP—f all FM polaron effects found in various physical

ing corespins are mostly antiparallel. That conclusion is in quantities.
strong contrast to the unbiased MC results depicted in Figs. 8

and 9. Even for the incoherent inner part of the spectrum,

which is due to electronic motion in the AFM region, a con-  This work has been supported by the Austrian Science
siderable bandwidth exists, due to the spin fluctuations whiclFund (FWF), Project No. P15834-PHY. We thank E. Dagotto
are present even at very low temperatures. Moreover, thfor useful comments.
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