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Spin and lattice effects in the Kondo lattice model

M. Gulacsi! A. Bussmann-Holdet,and A. R. Bishop
1Department of Theoretical Physics, Institute of Advanced Studies, The Australian National University, Canberra ACT 0200, Australia
2Max-Planck-Institut fir Festkdrperforschung, Heisenbergstrasse 1, 70569 Stuttgart, Germany
3Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
(Received 24 February 2004; revised manuscript received 25 February 2005; published 21 Juine 2005

The magnetic properties of a system of coexisting localized spins and conduction electrons are investigated
within an extended version of the one-dimensional Kondo lattice model in which effects stemming from the
electron-lattice and on-site Coulomb interactions are explicitly included. After bosonizing the conduction
electrons, is it observed that intrinsic inhomogeneities with the statistical scaling properties of a Griffiths phase
appear and determine the spin structure of the localized impurities. The appearance of the inhomogeneities is
enhanced by appropriate phonons and acts destructively on the spin ordering. The inhomogeneities appear on
well-defined length scales and can be compared to the formation of intrinsic mesoscopic metastable patterns,
which are found in two-fluid phenomenologies.
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I. INTRODUCTION standing the complex phase diagram of the perovskites can

The interplay of spin, charge, and lattice degrees of freeP€ resolved by including additional physics in the Kondo
dom has been investigated intensively in many transitiorfattice, in the form of electron-phonon couplifigriginating
metal oxides and especially in perovskite manganites, whicffom & Jahn-Teller splitting of the M ion. Consequently,
have recently attracted new interest because of the discovefpr first goal here is to understand the lattice effects in the
of colossal magnetoresistané€EMR). The initial under- KLM by including explicitly the interaction with the lattice
standing of the properties of manganites was based on th#egrees of freedom.
double-exchange mechanism within a Kondo latti¢¢ow- A further consequence of the strong Hund coupling is that
ever, neutron-scatteriigand electron-diffractioh experi-  three IocalizeotggJ orbitals of the MA* ions will be aligned,
ments have revealed the simultaneous presence of charge agidling rise to aS=3/2 localized spin. As most of the recent
spin superstructures, which makes these early theoretical appproaches to CMR are based on Monte Carlo simulations of
proaches incomplete. one-dimensional model$,it has been argued that for finite

The existence of charge, lattice, and spin modulationéemperatures a classical spin represents a reasonable approxi-
with a doping-dependent wave vector in,Lg&r,NiO,,23 or  mation. However, this may not be the best approach, as the
the presence of charge ordering at half filing inquantum fluctuations are the strongest in one dimension.
Nd, sStp sMnO; (Ref. 4 and similar compounds, such as Hence, our second goal here is to develop a bosonization
Pry <Ca, sMNn0O3,>8 all suggest that the theoretical under- approach that solves the full quantum spin KLM in one di-
standing has to be extended to account for effects stemmingiension. For completeness we will allow for both ferro- and
from the lattice in order to understand the doping-dependeraintiferromagnetic coupling in the KLM. In CMR materials
phase diagram and the richness of phases that are obtaingdhere the coupling is ferromagnetic, it is obvious that double
Similarly, in electron-doped charge-ordered manganiteg®xchange dominates. We will show in Sec. Il that this is also
La,_,CaMnO; charge, orbital, and magnetic ordering hasthe case for antiferromagnetic coupling, as in, e.g., heavy
been observed Several experiments also confirmed this be-fermion compounds?
havior in other compound$-12 Charge ordering has also ~ The paper is organized as follows: in Sec. Il we investi-
been found for other doping systems as in_BtaMnO;  gate the presence of double-exchange ferromagnetism in
(Ref. 10 and in La_,CaMnO; (doped with P,)'? for x ~ bothJ<0 andJ>0 cases. Section Ill contains a description
=1/2. of our starting Hamiltonian. Section IV contains the details

Because of these complex behaviors, manganese oxid@$ the bosonized solution. Section V is devoted to a compre-
have been intensively studied during the last few yearshensive description of the localized spin ordering. In Sec. VI
Since realistic models of these perovskites is impossible téhe obtained phase diagram is analyzed in detail. Section VI
solve completely, different approximation schemes havesontains the conclusions.
been introduced to account for the individual properties of
their rich phase diagram. Typically, the electronic degrees of
freedom are described by a Kondo lattice mo@€LM ),
which in the strong Hund coupling limit reduces to the In order to gain a more transparent understanding of the
Zenet® double-exchange Hamiltonian. Early theortgsto-  double-exchange interaction we investigate first the case of
posed to explain the physics of CMR materials, have focusetivo sites and one conduction electron, as was done by
primarily on this model. As the previously noted experimen-Anderson and Hasegawa, and de Gerféor simplicity,
tal findings show, all the approaches based entirely on théhe localized spin is taken here to be 1/2, as this will not
phenomenon of double exchange are incomptetdnder-  effect the conclusions of this sectidhin the case of ferro-

Il. DOUBLE EXCHANGE
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magnetic couplingJ<0) the ground-state energy ;.o  a bosonization description which keeps the electrons finitely
=-|J|/4-t with wave function [yp);<o=|¢pe)s<0, delocalized. At lengths beyond the electrons are described
=|04,71,,,0y+|0,0,00,1,), where [}, and 1, refers to thez by collective density fluctuations, common to one-
component of the impurity and conduction electron spinsdimensional Fermi systems. The electrons remain finitely de-
respectively. As can be seen, ferromagnetism arises here Viacalized over shorter lengths and describe coherent hopping
an Ising-type coupling, which allows for description of the over several adjacent sites. This tends to align the underlying
ground state within a simple semiclassical approximation. localized spins at stronger couplingmeasures the effective
For J>0 the situation is completely changed because ofange of the double-exchange interaction, and hence is pro-
the singlet formation of localized and conduction electronportional to the width of the magnetic polarons.
spins. Because of this Kondo singlet formation, which is
absent for thed <0 case, double exchange is often ignored in
the discussions of th&>0 KLM. This case has usually been
discussed in terms of the competition between Kondo singlet The KLM considers the coupling between a half-filled
formation and the Ruderman-Kittel-Kasuya-Yosi®«KY)  narrow band(localizedd or f) and conduction electrons.
interaction. For a half-filled band, this point of view appearsgyen though studied intensively for the last two decades, the
to be sufficient. However for a partlally filled conduction understanding of the KLM remains incomp|ete_ On|y in one
band an overwhelming amount of numerical d&t& proves  dimension have numerical simulatidf=*and bosonization
that ferromagnetism appears for stronger coupling. technique®?3 been carried through to admit predictions
This cannot be explained in terms of RKKY, which oper- ghout the phase diagram of the KLM. However, of special
ates at weak coupling, nor in terms of Kondo singlets, sincelevance to CMR materidis the case where the KLM is
they are nonmagnetic. The missing element is doubleextended to account for contributions stemming from the
exchange orderirf§ because of an excess of localized spinsphonons. In particular, the small doping regime of these sys-
over conduction electrons. Double exchange requires onlyems, which are ferromagnetic at low temperatures, seems to
that the number of conduction electrons is less than the nunpe appropriate for modelling within the KLM argumented by
ber of localized spins. It operates in any dimension, for anyinteractions with the lattice. In the following we present
sign of the coupling) and for any magnitudg’ of the local-  posonized solutions of the KLM where on-site Coulomb and
ized spins.’ The double-exchange interaction is specific tospecific phonon contributions are explicitly included. This
the Kondo lattice and absent in Single- or dilute-impurity“extended” KLM model allows Spin-and magnet0e|astic-
systems in which the situation is reversed and the electronsolaron formation, which we believe are of major impor-
greatly outnumber the localized spins. tance in understanding these complex materials.

~ Double-exchange is conceptually a very simple interac- The Hamiltonian of the KLM in the presence of on-site
tion: each electron has, on average, more than one localize8oylomb interaction reads

spin to screen and, consequently, hops between several adja-

cent spins gaining screening energy at each site, together  Hyy.y ==t (] v+ H.C) + 32 Syj - Sy

with a gain in kinetic energy. Since hopping is energetically jo i

most favorable for electrons that preserve their spin as they

hop (called coherent hoppingthis tends to align the under- * UZ LAY (1)
lying localized sping’ .

For two sites, this causes a mixing of the total spin and anvheret>0 is the conduction electron hopping integrgj;;
enhancement of the Hilbert space, where now 16 elemems%Ew,cgJvgagya,cd,j’(,,, Sc,j:%E(,y(,/chﬂaw/cj,o, and o are
have to be considered. The ground-state energy is givethe Pauli spin matrices. Fermi operatmrj;%,c;r’(, with sub-
by Egj-o=-J/4-yJ?+2Jt+4t2/2 with wave functions scriptd refer to localizedd-spins, whereas those not indexed
[ho) 3=0 | ¥is)2+[11(I 4=Eg 3=0) K| Dol 2, 3,00 +|,0, 0] ) refer to the conduction electrons. The on-site Coulomb repul-
-104,7,,0,00-|0,0,00,1 )}, where the Kondo singlelyxs),  Sion is given by the Hubbard term proportionallio In the
states are|l,],,0,,00—|0,],, 0,0y +|0,0,00,] )-|0,0,03,1,). CMR materials, the localized states are represented by the
|0)3=0 involves six basis elementshe degeneracy is par- threefold degenerate Mri}g d electrons with total spinﬁ.
tially lifted by conduction electron hoppin@nd hence falls However, for reasons of transparency, the localized spin is
outside the four dimensional space needed to establisipproximated here by spiin This choice will not effect the
double exchange fai<0. results of the bosonization presented in Sec. 1V, as only the

In order to invoke double exchange as well, all three spirconduction electrons will be bosonized. Accordingly, the
directions x, y, and z, have to be consideredi/p);~¢ properties of the model will be qualitatively independent of
o [1-1/(314~Eg 3= 0)thks)+[1/(I4~Eq 1=0) K| ¥oe) 1> 0x the magnitude of the localized spins, i.e., the basic features
+|Ype) =0y |WoR)s>04, Where [¥pe)i=o0u= or y=1|Uala,  Of the phase diagram for the three dimensional case appear in

Ill. THE MODEL

0,00+]0,0, 0,1 ) #1041 00 0,00 +[0,0, 0,1 )} 2 and  one dimensions as weif:*® o _
[oE) 120 a=2= |0kl 2, [LO)+]3,0,0,] ). In spite of this extra In the following the Kondo couplingl is measured in
complication, it is apparent from the above that also Jor units of the hopping and both cases, antiferromagnetic
>0, ferromagnetism appears. >0) and ferromagneti¢J<0) couplings, will be considered.

We show in Sec. V that coherent conduction electron hopThe conduction band filling is given hy=N./N<1, where
ping over a characteristic lengthmay be incorporated into N is the number of lattice sites ard, is the number of
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conduction electrons. In order to understand the broad propsexr(id)m)/\s’ﬁ, where 1A is the ultraviolet cutoff. For
erties of CMR materials, we also allow for the number ofthe scalar Bose fields, ,(x), and their conjugate momenta,
impurity spinsNy to vary in such a way thaly/N<1. In I, ,(x), ®,,(x)=/*.dXTI,,(x'), are used in standard Man-
this way, doped or dilute Kondo lattice systems can also bglelstam representation by means of which a momentum
studied. It will be shown that a dilute Kondo lattice system iscutoff via the Fourier transform is introduced (k)
dominated by short-range antiferromagnetic correlations.  =exy-\|K|/2). If the distance between the impurity spins is
In one dimension, the electron-phonon coupling can eithefarger tharn, the electrons will behave as collective density
be of intersite [Su-Schrieffer-Heege(SSH?'] or on-sitt  fjctuations® Thus, the Fermi fields can be represented in

(Hol§tein°-8) character. The models we study assumes a disgrms of density operators that satisfy Bose commutation re-
persionless phonon mode with frequensyThe neglect of  |5tions

the dispersion of bare phonons is not essential since it is
absent in the Holstein model and the acoustic phonons are Crx,o = EXPi TKeX)EXPI{6,(X) + b, (X)
decoupled from the low-energy electronic spectrum in the

continuum limit of the SSH modéP. In this approximation +0{0,(X) + 7¢,(X)1}/2, (5)

the Holstein coupling to dispersionless phonons has the folwhere the Bose fields far=p, o are defined by

lowing form:
B, () =i(mIN) 2 Tn (k) £ v-(WIAKIK, — (6)
— K 2 1 2 k#0
Hholstein= E (ﬂqinci + Eqi + mpi ) ) (2

: with + corresponding to the number fielgs= ¢, and — to
with the conduction electron density; at sitei, the lattice the current fields,=6,. The charge(holon and spin
displacement;, its conjugate momenturp;, the electron-  (spinon number fluctuations are defined @gk)=%,p, ,(k),
phonon coupling strengt, the spring constari, and the ando(k)=Z,0p, (k). All rapidly oscillating terms originat-
ionic mass M. Within the SSH model the coupling to ing from, e.g., backscattering and umklapp processes are ne-

phonons is modified to glected, since they contribute only at exactly half filling. The
localizedd electrons can neither be bosonized nor Jordan-
Hssu= 2 | 2 o (Giva = G)(Ch Coivar + CiragCoio) Wigner transformed since no direct interaction exists be-
i | o tween them.
K 1 Substituting these representations into Eb. gives the
+ E(qi+a_ )2+ NP'Z] (3) bosonized KLM Hamiltonian

1 . .
where «, denotes the electron-phonon coupling strength.  Hkim+u :EE v {I12()) + [ ()13
Thus, the starting Hamiltonian is ¥

J ) J .
H =Hyim+u * Huoisteint Hssh (4) + ZTE [obo()1S5; + HE {cod p,(j)]
These phononic contributions may not describe the full : . _ o +J

complexity of the phononic couplings observed in real ma- +cog 2kej + ¢, () (e VS + H.c)

terials because of the phase-space constraint of any one- J

dimensional calculation. However, the results capture the es- - HE sin ¢,(j)]sin 2kgj + ¢p(j)]S§j. (7)
TN h

i

sence of the Kondo lattice coexisting with phonons, and
P PP Considering the phononic contributions, in standard

cable to colossal magnetoresistance materials. S S Z
9 bosonization language, Eq2) simplifies to HPh+HE!Ph
+HSP" where

IV. THE EFFECTIVE HAMILTONIAN 1 5 o 1 " .
N HP"= —= D [TIE(P) + wg@3(P)] +5 | IXIIH(X) + wf ®2(0)],
A large class of one-dimensional many-electron systems  2N°; 2
may be described using bosonization technidddhe elec- (8)

tron fields may be represented in terms of collective density o
operators that satisfy bosonic commutation relationsand wy=w,=VK/M are their respective phonon frequencies.
Bosonic representations provide a nonperturbative descripFhe electron-phonon forward-scattering term is simply
tion which, in general, are by far easier to evaluate than a _
formulation in terms of fermionic operators. boh_ V2

The underlying bosonization s‘éheme follows standard Hz® _72ﬁ2 [p+(=p) + p-(= P)]Po(P). 9
procedure® by first decomposing the on-site operators into P
Dirac fields, ¢, ,==.€*W_(x), where ke=mn/2, with  On the other hand, the rapidly oscillating phonon-assisted
spinor components=+ (+/- being the right/left movejs backscattering term will acquire an extra factor
andke=7n/2. Next we bosonize the Dirac fields with,,  exf+iménx]=exd+i(2ks—m)x], in the form
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elph_ N o _ In t_h_e following, effects arising from the localized spin _
HSP'=y, > | dW),W_, ,@™™]d (x), (10)  impurities, double-exchange, the phonons, and Hubbard in-
=R teractions will be discussed in more detail. The localized spin
with y;=7y,=8/\M, where we used the same subscripts ford impurities act via double exchange on the hopping elec-
backscattering and forward scattering as in g-offgy. trons so as to preserve their spin when moving through the
In the continuum limit, the SSH term in contrast to the lattice in order to screen the localized spins that are in excess
Holstein coupling, gives only two termblph+H‘E'1‘Ph—the of the conduction electrqns, iLeN< Nq> Nc- 'I_'his, in turn, .
standard phononic component and a rapidly oscillating backeads to a tendency to align the localized spins and results in
scattering termHP" is given in Eq.(8), while the back- an additional screening energy for the conduction electrons.

scattering termH®,P" differs from Eq.(10) only in a form
factor V. LOCALIZED SPIN ORDERING

_ In order to determine rigorously the phase diagram and
HEPh= g D | divW! W, &™7™d (x), (11) investigate the ordering of the local spins due to the forma-
V=t tion of polarons, we first apply a unitary transformation. This

with —4a /M. However, the fact that the forward- is the simplest method for determining the ordering of the
Y=y . ' ocalized spins induced by the conduction electrons and it

scattering term is missing means that the SSH coupling wiIL . :
not give any contribution to the effective Hamiltonian away as been used successfully elsewltéf€.This is achieved

s by choosing a basis of states for the unitary transformation in

from haif filling. which competing effects become more transparent, i.e., a
Thus, the transformed Hamiltonian of E@) is ) . Lo

B transformation that changes to a basis of states in which the

conduction electron-spin degrees of freedom are directly

coupled to the localized spins. Correspondingly, we choose

1 . . 1
H == 2 v dIG) + [ (DT 5 2 [HTG(P) + w60(p)]
i p R pulliad
the operat0|S:i(J/2w)\r’vF/v§21 Q,(j)SﬁJ-, which is applied

2 i i o e
+ ?’zﬁz [p+(=p) + p-(= P)]Do(p) :grgq. (12) up to infinite order, thus avoiding truncation er
D .
1 3 Second, we explicitly take into account the Luttinger lig-
+2 | dNTT2(0 + 22001+ — S fco i uid character of the Bose fields, i.e., use their noninteracting
2 f AL + 0@ ()] 477)\$ {cod4,(1)] expectation values such that the effective Hamiltonian for the

. . e local spins is derived as
+ cog2kej + ()} (e S] | + H.c)

J2U2 Jw
J . - . . Het=———>— dkcogk(j — j)A%KS S,
- S sl ()Isiri2ke] + 6,0)1, N g ], ootk mIINOS, S,
J
J
J . I . , _
.\ ZTE- LIS, (12 + 2m$ {cogK(j)] + cog 2kej IS
]
If holes are present in the array dfspins, all terms propor- - LE sinK(j)]sin 2kej 1S5 . (14)
tional to S are zero. The charge and spin velocities are 2w\ !
v,= veV1 + Ul 7og — B2 aKug, HereK(j) arises from the unitary transformation and counts
all the %vj’s to the right of the sitg and subtracts all those to
UV, = UF\“"l —Ulmvg + BPlaKug, (13 the left of j: K(j) :(J/ZUF)Elwzl(SlZi,jH _Sé,j—l)' This term gives

the crucial difference between the Kondo lattice and dilute
Kondo lattice, as will be explained in the following.
The most important term in Eq14) is the first one,

where the Fermi velocity isg=2 sin(zrn/2) in units oft.

It is important to note that a renormalization of the
spinon-holon velocities appears here due to the Hubbard and -
phonon terms, which act oppositely on the corresponding I i .,
velocities. Although the Hubbard term leads to a localization Jer] =17 = 4o, dkcogk(j =j)IA%K). (15
of the spinons and an increased hopping of the holons, thus 0
supporting a magnetic ground state, the phonons delocaliZehis term, derived using an infinite-order unitary transforma-
the spins, but localize the charges and act destructively otion, is exact, nonperturbative, and shows that a double-
the magnetic properties. It is worth mentioning that the Hub-exchange ferromagnetic interaction appears for hbthO
bard term alone already suffices to establish two time scalesnd J<<O coupling and even in the dilute Kondo lattice
for the holon-spinon dynamics. But an important renormal-model. This coupling is nonnegligible fody> N, andj—j’
ization of the critical properties of the system is achieved<\ and its strength decreases with increasing distance be-
through the variable phonon coupling, which, as will between impurity spins. The value 3§ is plotted for different
shown below, establishes the existence of a Griffiths phasealues ofU and g in Fig. 1.

The competition between the Hubbard and the phonon term Figure 1 shows clearly that the Hubbard interaction en-
obviously vanishes fot = 8%/K. hances double exchange and, consequedtly, As noted

214415-4



SPIN AND LATTICE EFFECTS IN THE KONDO.. PHYSICAL REVIEW B 71, 214415(2005

earlier, see the discussion following E43), this is because 5 — T T 1 T T
the Hubbard term leads to a localization of spinons and an \
increase in the hopping of holons, hence, increasing the
double exchange. On the other hand, the electron-phonon 4

interaction counteracts this effect by localizing the holons — g:ggzg

and thus decreasingy;. i ——e- U=5B=0 1
Figure 1 also shows that the lengkhcharacterizes the N cmem U=0,p=2 a

effective range of the double-exchange interaction. Thisin- | + [ U=0,p=5

teraction originates from the bosonization of the conduction J& |
electron band in the following way: at wavelengths larger
than), the electrons combine to form collective density fluc-
tuations, which involve large numbers of electrons satisfying
bosonic commutation relations. This is the standard behavior
of one-dimensional many-electron systems for weak
interactions’® At wavelengths smaller than, the density
fluctuations are not collective and lose the bosonic character.
Since bosonization only applies to fluctuations beyanthe
bosonization description is equivalent to keeping the elec-
trons finitely delocalized within the range ®f with the elec-
trons preserving their spin over this range. Equatitb) FIG. 1. The range of the ferromagnetic interaction Eld) for
describes the ordering induced on the localized spins by theifferent values ofJ and . J is the interaction strength in units of
finitely delocalized electrons. Thus,corresponds to the ef- J%2/47%¢.
fective delocalization length related to the spatial extent of
the polarons(polaron radiuy i.e., the effective range of then the unitary transformation, from the kinetic energy term
double-exchange, as shown in Fig. 2. Here the das@ is  —t2 ,(¢] ,¢j.1,+H.c) and the forward scattering part of
shown, where théz component spin of the electron is al- (J/2)X; (nJT n”)gZ (Njo= C]UCJU) in the KLM Hamiltonian
ways opposite to that of the impurity spin within the mag- equatlon(l) (Note that the Bose representations for the elec-
netic polaron, due to the tendency for Kondo singlet forma+rons in these terms are exadii) Equation(16) is indepen-
tion. This state corresponds to tBg ;- and|ig) ;-0 solution  dent of the sign ofl and takes the same form for any mag-
of the two-site problem presented in Sec. Il. Thus, Kondonitude S of the localized spins(iii) Since Eq.(16) is of
singlet formation has been taken into account indirectly, vieorder J?, whereas the remaining terms in the transformed
the effective range of the double-exchange interaction. In thélamiltonian Eq.(14) are of orderd, the interaction Eq(16)
single impurity(Ng=1) and/or half filled(N.=Ngy) limits our  dominates the ordering of the localized spinslascreases.
result reduces to the well-known Kondo singlet physics ofAll these properties are identical to those of a double-
the single impurity Kondo model, as will be discussed inexchange interaction. This leads us to identify 8d) as the
detail in Sec. VI. double-exchange interaction in the KLM. We also emphasize
For theJ< 0 case, the magnetic polarons are the same athat Eq.(16) is ferromagnetic for al{possible choices of the
shown in Fig. 2, with the exception that the spin of the elec-cutoff function A(k).
tron is always parallel to the impurity spin. Spin triplet for-  Based on propert{i) above, a simple characterization can
mation dominates th&<0 case, corresponding to thg ;o be given for the double-exchange valid at low-conduction
and | ) ;o solution of the two-site problem in Sec. II. band filling. The simple Hamiltonian terrfil) satisfies a
Double-exchange becomes inefficient if the distance bestandard nonlinear ~ Schrédinger — equationaZy,(x)
tween the impurity spins is larger than In general\ has a  +(Jmy, /2)|4,(X)|?¢,(X) =2mg Ey,(x) [m being the bare
complex behavior, depending ap U, B, andN,. For large  electron mass, and,(x) the electronic wave functirwith
distances and low density, ECL5) gives an effective range soliton solutionsy,(x) = €* sectix\Jmy /4) (see Ref. 31
for the double-exchange, which decays exponentially with a

characteristics scale2/|J|. Hence, in the following we will ﬁ ﬁl ﬁ @

use for\ its low density(e.g., in the example depicted in Fig.
2) value: A=+2/[J|. And since the interaction Eq15) is

short range for all finite\ we approximate it by its nearest-
neighbor form *

5 2 e FIG. 2. A snapshot of the magnetic polarons for the chs®.
T = Jvg f dk coskA (k) (16) () and 1 (]) refers to thez component of the impurity and con-
ef 27720,: 0 ' duction electrons spins. The dashed curve represents the spin do-

) ) ) ) main walls (kink-antikink pairg. The electrons will oscillate be-
Here we emphasize again that Eg6) is valid for both  tween these domains walls and hence couple the impurity spins

J>0 andJ<0 couplings. Since thd>0 case is usually not through double-exchang@or details see text \ is the average
considered in discussions of the KLM, we emphasize th@ength of the polarons, ie., the effective range of the
following points:(i) the term originates, via bosonization and double-exchange.
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These soliton solutions correspond to spin domain wallghe array of localized spins, then—opposite to the previous
of finite size(kink-antikink pairg and lead to a gain in elec- case—K(j) is nonvanishing since the hole spins are no
tronic energy of & for antiferromagnetic coupling, and of longer necessarily equally distributed to the left and the right
+o for the ferromagnetic case, as shown in Fig. 2. Physicallyf a given site. This yield&(j) = (-1)I(J/2vg), which gives
the solutions resemble the dressing of the electron by a finitéise to a staggered field and antiferromagnetic ordeting.
range of paralle(antiparalle) local spins and, consequently, This distinguishes the dilute case from the standard Kondo
can be identified with polaronic-type objects. From the predattice model, where only three phases appédhe ferro-
vious considerations it can also be concluded that, when inmagnetic, paramagnetic, and Kondo spin-liquid phases.
cluding the interactions with the phonons, the tendency toAmong these phases, the Kondo spin-liquid phase only ap-
ward charge localization is enhanced and increases thisears at half filing and represents an effective model for
polaronic effect. Since the lattice also experiences a renoiKondo insulator$®-38 This phase is dominated by Kondo
malization because of the coupling to the electronic degreesinglet physics and exhibits finite-temperature behavior simi-
of freedom, substantial ionic displacement patterns will dedar to the single-impurity Kondo modés.
velop and the formation of magnetoelastic polarons takes The remaining two phases are typical for the dilute limit,
place. Similar results are obtained by decoupling electroniand since our major interest here is ferromagnetism and to
and phononic degrees of freedom through a homogeneouskplore the occurrence of ferromagnetism in the presence of
Lang-Firsov transformation, where the localization stemshe Hubbard and phonon terms, we will address only this
from band narrowing. In accordance with previous resultslimit. The properties of the Kondo spin-liquid phase will
the polaron radius is characterized by a length scale propoenly be briefly presented later on this section. Hence, focus-
tional to v2/[J]. ing on the ferromagnetic phase, whef¢j) is vanishingly

This length scale differs from the free conduction elec-small, the transition between the paramagnetic and the ferro-
trons mean free path and gives rise to competing time scalegiagnetic state will be controlled by the first two terms of Eq.
slow motion of the polaronic carriers and fast motion of the(14).
free electrons, thus providing dynamics of two types of par-  Accordingly, He; reduces to a quantum transverse-field
ticles and a close analogy to a two-fluid scendfi&’Since  |sing chain. This model without backscattering is knd%to
the polarons are, in general, randomly distributed within theundergo a quantum phase transition from a ferromagnetic to
local spin array, these states can be viewed as intrinsic inhex paramagnetic phase. In the case of @#4), where a back-
mogeneities involving spin fluctuations and short-range spiscattering is also present, a similar phase transition occurs as
correlations. Hence, these slow dynamics will exhibit a peakhe couplingl is decreased: the conduction electrons become
in the spin-structure factor atkg— instead of the simple |ess strongly bound to the localized spins and tend to extend
2ke RKKY signal. This X:— peak of in the spin-structure over spatial ranges beyond the effective rangef double-
factor has been observed in all numerical approaches fagxchange ordering. Double exchange becomes less effective,
bothJ>0'8-?!andJ < 0.3* As mentioned previously, the dif- j.e., the magnetic polarons are loosely bound and regions of
ference between thé>0 andJ<0 polarons appears in the ordered localized spins begin to interfere as the conduction
local ordering of the conduction electron spin with the im- electrons become extended. The interference leads to spin-
purity spins: forJ>0 the conduction electron spin will be flip processes given by the transverse fieldHig:.
always aligned antiparallel to the localized spins due to the The transverse field(j)=(J/27m\)[1+cog2kgj)], in Heg,
tendency to form Kondo singlets, while far<0 the two includes two low-energy spin-flip processes by means of
spins will be aligned parallel due to the dominating triplet\hich the conduction electrons disorder the localized spins.
states. The presence of of on-site Kondo Singles and the ebne sp|n-f||p process is backsca’[tering, which is accompa-
fect of Kondo screening will be analyzed in detail in Sec. VI. nied by a momentum transfer okg from the conduction

Beyond the numerical support, the available rigorous reelectrons to the localized spins. Since the chain of localized
sults support this polaronic picture: for vanishingly small spins will tend to order so as to reflect this transfer, the
fillings the exact ground-state wave function, obtained usingransverse-field corresponding to backscattering spin-flips is
the Perron-Frobenius theorefhis a large magnetic polaron  sinusoidally modulated byk2. The other low-energy spin-
of width v2/|J| with aligned localized spins and the conduc- flip process inHeg is forward scattering. This involves zero
tion electron spin being antiparall¢)>0) or parallel (3. momentum transfer to the localized spins, and the corre-
<0) to the localized spingfor more details also see Refs. 24 sponding transverse field is a constéirg., has modulation
and 36. zero.

However, away from half filling, the transverse figid)
VI. THE PHASE DIAGRAM will have an incommensurate modulatiok=avith respect to
the underlying lattice of localized spins. Hence, the conduc-

In the following discussions, we mainly concentrate ontion band is unable to either totally order or totally disorder
antiferromagneti¢J>0) coupling, as this case has not beenthe lattice as the ferromagnetic-to-paramagnetic transition
as extensively studied as the ferromagnetic one. Howeveoccurs. There remain dilute regions of double-exchange-
differences that appear in tlle<0 solution will be noted. ordered localized spins or magnetic polarons in the paramag-

For the Kondo lattice modeK(j)=0 as the number of netic phase as only a quasicommensurate fraction of the con-
localized spins to the left and right of a given sjtare the  duction electrons become weakly bound and become free to
same. If, however, we have a small concentration of holes iscatter along the chain. The remaining ordered regions are
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FIG. 3. The ground-state phase diagram of the standard KLM, FIG. 4. The quantum critical linfEq. (18)] describing the fer-
wheren is the conduction electron band filling. The sofixtitical) romagnetic transition for different values dfand 8, wheren is the
line is from Eq.(18). The dashed lines separate strongly orderedconduction electron band filling. For each of these examples the
(conventional ferromagne&nd/or disorderedconventional para- ferromagnetic phase is above the phase-transition curve.

magnet phases from their weak Griffiths phageolaronic liquid » .
counterparts. The numerically determined FM-PM transition points?PP€2ars. The transition between these phases is of order-

are the followings: down triangle and diamond are exact numericaflisorder type with variable critical exponeditIn(Jei/J).
diagonalization results from Ref. 19 for eight- and nine-chain, re- The behavior described biy; is simply understood in
spectively. Up triangle and circle are DMRG results for 60 sitesterms of magnetic polarons introduced previougge also
(Ref. 20 and 200 sitegRef. 21), respectively. The stars represent Fig. 2). Considering for the moment the standard KLM
the numerically determineDMRG results from Refs. 18 and 21 model, a summary of the known resdfss presented in Fig.
crossover region into the polaronic liquid state. 3. Reducing] from intermediate values in the ferromagnetic
phase, the infinite cluster characterizing strong ferromag-
sufficiently dilute to prevent long-range correlations, butnetism is broken up into several large clusters as the quantum
their existence dominates the low-energy properties of théuctuationsh;, controlled by the spin-flip interactions, be-
localized spins near the transition. come stronger. The individual clusters are the spin polarons
These considerations motivated us to treat the transverdtepicted in Fig. 2. These magnetic polarons are weakly or-
field as a random variable. The effective Hamiltonian is thusdered in this phase, i.e., form a polaronic liquid that exists
equivalent to a random transverse-field Ising mddel: for ~0.7<6<0 hence with the upper boundary determined
by J=2J.;; (see Fig. 3 This is not a true transition line, but
Herie = = Jer > S5, 01— 2 S0 (17)  rather marks the crossover to a Griffiths pHasgharacter-

j j ized by singularities in the free energy over the whole range
of 8. For small § the correlation length ig~ 52, beyond
which the system is ordered. The spontaneous magnetization
Mo |87, with y=(3-y5)/2~0.38 while for small ap-

where Jo is given in Eq.(16) and since the interaction Eq.
(15) is short range for all finité\, gives in Eq.(17) a nearest-
neighbor Ising term. The random fielths are generated by ! ) o
(1+co$2kej]) at large distances, where ¢2kcj] oscillates  Plied Zlaﬁelds H the magnetization M(H)e<M[1
unsystematically with respect to the lattice. The large valued O(H"*8In H)J; the susceptibility is infinite with a continu-
cog2k:j]~1, which are responsible for spin flips, are then ously variable exponent. The mean correlation function is

; 5/6p-X! _ u s £ 42
well separated and driven by a cosine distribution analogou@Ven by (¢/x)>"e ¢ exp~3(mx/ §)'7] for x> &, _
to spin-glasse® Further loweringl, we reach the true phase transit{&y.

Using the extensive real-space renormalization-group re(18)]. The correlation length is infinite, the magnetization

sults of this model by Fishé? we determine the location of M(H)=|In H[™ for smallH, and the mean correlation func-
the quantum critical line describing the paramagnetic-tollonIs crl_tlcalx‘y. T_he transition curve for dn‘f_erent values of
ferromagnetic transition at U and B is shown in Fig. 4. As argued previously, the Hub-
bard interaction makes the ferromagnetic phase more robust,
Jerit = (m?14)sin(mn/2){1 = U/[ 27 sin(7n/2)] as it increases the strength of the double exchange and, as
+ B[ 27K sin(mn/2) 2.

(18) such, the length of the magnetic polarons.
Calculating the effective length of polaronspn the tran-

For valuesi<J.;; a paramagnetic state exists that is domi-sition line (see Fig. % supports this finding. The length of the

nated by polaronic fluctuations. Far>J,; ferromagnetism  polarons increases strongly with, hence making the ferro-
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L B L >0 has been established by numerical simulati$ and

] by approximate analytical metho#s?® Spin gaps are also

\ observed in bosonization treatments of the one-dimensional
' i half-filled Kondo lattice(see Ref. 47 fod>0 and Ref. 48
\

!

\

[

for J<0). Nonetheless, the nature of the gap x0 is
. different. ForJ>0, the strong-coupling behavior is that of
the Kondo spin liquid, while fod<<O0 it scales to a spin 1
chain and reduces to a Haldane gap state at
strong-coupling'’®
As noted in Sec. Il, the singlet ground state and spin gap
i in the half-filled Kondo lattice permits a formal identification
of this phase with the single-impurity Kondo model, with the
1 Kondo temperature the energy of the spin gap. Also, the
correlation functions have a smooth crossover, as the corre-
lations between nearest-neighbor localized spins in the half-
_______ filled Kondo lattice model are antiferromagnetic for any sign
T T A L of the coupling. This may be understood beginning from the
0 PR T Y IS T S B |J|=2 limits, where there is one conduction electron local-
) n ) ized at each site. At strong but finite coupling there is weak
virtual conduction-electron hopping to neighboring sites. By
FIG. 5. The effective rangg of the double-exchange interaction the Pauli principle, this is possible only if the conduction
inynﬂsofﬂmIamgespadngagmnﬁthecondmmonebcHonban@bc”ononthenewhbo“ngSnehasopposnespm_Forsnong
filing n on the critical line. but finite ferromagnetic or antiferromagnetic coupling, the

magnetic phase more difficult to break up. However, the conWeak antiferromagnetism of the localized conduction elec-
sequence of this effect is that the Griffiths phase below thérons_lnduces_a S|m|I§lr antlferromag_netlc orderm_g on the un-
transition will diminish strongly or vanish in most cases. ~ derlying localized spins. Strong antiferromagnetism at weak
The effect of phonons is opposite to this. The phonons acgoupling is expected on the basis of the RKKY interaction,
destructively on the magnetic properties. The ferromagnetithich oscillates in sign with wave vectokg At half filling,
phase becomes smallésee Fig. 4 and the length of the ke=7/2a, and so the RKKY interaction changes sign at
polarons are slightly decreased in the presence of theeighboring lattice sites. These expectations are supported by
phonons as shown in Fig. 5. But, as will be explained laterthe results of numerical simulations fdr>0,83" and by
the boundaries of the lower Griffiths phase will remain theperturbation theory at large ferromagnetic couplifiys.
same. Thus, contrary the the effectlf where the Griffiths The other obvious limit where on-site Kondo singlets ap-
phase vanishes, for strong phononic couplings the magnet@ear isJ=. Contrary to the half-filled case discussed above,
elastic polarons extend over a much larger phase space amdhere the Kondo singlets are localized, in this case the
will dominate the phase diagram of the KLM. nearest-neighbor transfer of the conduction electrons allows
It is interesting to note that as we approach half filling, these on-site Kondo singlet pairs to move. In fact it was
i.e., n—1, \ becomes equal to the lattice spacing. Thisshown by Lacroif® that the J= Kondo lattice can be
means that the magnetic polaron reduces to a Kondo singletyapped rigorously to &) =« Hubbard model. An empty site
as it should be, since the half-filling limit of the Kondo lat- of the Hubbard model corresponds to a Kondo singlet and a
tice model is a Kondo spin-liquid phae® dominated by site occupied by a spin corresponds to an empty(#iigs an
Kondo singlet physic& A spin-liquid phase is obtained for unpaired localized spjrof the Kondo lattice. Because of the
theJ< 0 case also. However in this case Kondo triplet statesack of double occupancy and only nearest-neighbor hop-
are formed. This is a very general requirement, true foping, the electrons in th&)=« Hubbard model can never
Kondo lattice models in any dimensions. move past one another; given an ordering of electrons, say
A rigorous theorem holds for the half-filled Kondo lattice from left to right, that ordering is preserved by the action of
in any dimension on a bipartite lattié&43#4for J>0 the  the Hamiltonian. In addition there are no spin-flip interac-
ground state is unique and has zero total spin. The sam@ns; therefore, the spin degrees of freedom are completely
conclusion holds fod< 0 provided the two sublattices have degenerate. This degeneracy does not persist away from the
the same number of sites. Beyond the rigorous proof that th@=« case, and it was shown in Ref. §8ee also Ref. 36
ground state is a total spin singlet in any dimension, there isising a perturbative expansion with respectia, that the
substantial evidence that the ground state also has a spin gapin degeneracy is lifted and the ground state is completely
at least in one dimension. The ground state of the half-fillegolarized. This leads to the peculiar situation where for any
Kondo lattice thus forms a spin liquid for any sign bf band filling the one-dimensional KLM is always ferromag-
For largeJ> 0 the ground state at half filling consistséf  netic in the presence of on-site Kondo singlets. This ferro-
on-site Kondo singlets. There is a spin gap of siz® an  magnetism is identicafl to the Nagaoka phase from thé
on-site triplet state, and a larger charge gap &f23 corre- =0 Hubbard model.
sponding to the hopping of a conduction electron to a neigh- A detailed analysis is also presented in Ref. 36 whether
boring site. The persistence of the spin gamd a larger the KLM undergoes a qualitative change at ladgieom the
charge gapdown to arbitrarily small coupling strengttis  polaronic picture of Ref. 35 to thdd=«~ Nagaoka-type
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T T T T T T T T terms, respectively; and in our casg=JP=J" =J% =J. This
- way of writing the Kondo coupling is borrowed from the
Strongly Ordered - single-impurity mode?P! where it has been shown that the
| (Conventional Ferromagnet) // 1 Kondo screening effect originates frath and the associated
y Kondo scale has a power-law dependencd orrhis is also
6 y Weakly Ordered true for the Kondo lattice, and, in particular, for the one-
y: (Polaronic Liquid) dimensional modéf the energy associated with the Kondo
y: screening isx<J, and the Kondo resonance energyoq'szl
Ferromagnetic y - The competition between double-exchange and Kondo
| screening is also evident in the effective Hamiltonian equa-
tion (17), where the double-exchange orlglnates frdﬁn
while Kondo screening is taken into accounthrw
Returning to the analysis of the obtained phase diagram
(Fig. 4), immediately below the critical liné5>0), the sys-
tem represents a weakly disordered Griffiths phase. The re-
maining polarons occupy a small fraction of the system

/

Strongly Disordered . o
(anve?llt]%gal ll)sqor;n?;gnet) length but behave as if they are still in the ordered phase;

0 02 04 0.6 0.8 1 their magnetizations® per unit length is identical td/, of

" the weakly ordered phadéThese remaining rare polarons

FIG. 6. The ground-state phase diagramerO and3=5. The ~ dominate the low-energy physics. Hence, crossing the phase
solid line is true phase-transition line from E@.8). The dashed transition line disorders the polarons. The transition is, in-
lines separate the conventional ferromagnet and/or paramagnet phéeed, an order-disorder transition of the magnetic polarons.
ses from their weakly disordereolaronic liquid counterparts. This regime can be viewed as a paramagnet with locally
Note the extent of the polaronic liquid phases compared t&Jth®  ordered ferromagnetic regions. This scenario resembles a
and 8=0 standard KLM(shaded regioncorresponding to Fig. 3. two-fluid picture, i.e., a polaronic liquid, with intrinsic inho-

mogeneities, which involves spin fluctuations and short-
mechanism. It was conclud®that that the mechanism sup- range spin correlations.

porting Nagaoka is always weaker for any fink¢han that In this weakly disordered phase, the magnetization
of the polaronic mechanism and, hence, a Nagaoka-type feM(H) o 8{H2T 5In(1/H) +const]+ O[H*5In(1/H)]}; thus
romagnetic phase only appears at strictiyeo. Clearly this ~ M(H ) has a power-law singularity with a continuously vari-

ferromagnetic phase in the strong-coupling regime is a speable exponent 2 as in the weakly ordered phase the sus-
cial feature of the one-dimensional KLM. It is well kno#n  ceptibility is infinite.
that a clear difference exists between the one- and higher- The mean correlation function decays less rapidly than in
dimensional systems, in the latter the spin degeneracy ithe weakly ordered phase, but takes the same form
lifted for any band filling away from half filling. (&1%)%8e™¢ exd -3/ 2(mx/ £)Y3] for x> £=1/6% According

In the J>0 KLM model, away from half filling and the to H, the weakly disordered Griffiths phase extends down
strong-coupling limits, a strong tendency toward Kondo sin-to J=0. However, as the disorder increases, the third term in
glet formation is always present. In fact, the two-site prob-H.4 is no longer negligible. At very low, the last two terms
lem analyzed in Sec. Il shows that there is always a compén Hx will dominate; this corresponds to free spins in a field
tition between double-exchange ordering and Kondo singlewith dominant correlations atk2 of the conduction band,
formation. This is also true for the bosonized solution ofand is responsible for the observed peak in the localized
KLM given in Eq. (7) or H from Eq.(17): Kondo screen-  spin-structure facto®-2'This is the strongly disordered con-
ing of the local moments will be always present for ahy ventional paramagnetic phageee Fig. 3.
>0 away from half filling. This has been extensively studied As the boundary of this Griffiths phase is governed by the
previously(see Ref. 28 In order to make Kondo screening full Hqi from Eq. (14) rather thanJ. only, it will not be
more transparent we rewrite E() to explicitly show the effected byU and 8. This explains why the extent of this

different components of the scattering matix Griffiths phase increases dramatically in the presence of
1 phonons and vanishes for large Thus the phonons indeed
Hioweu = —— 2 v,AT15G) + [0, ()13 will enhance charge localization, increase the polaronic ef-
j fect, and act destructively on the spin ordering. In the pres-
Jf 1 ence of phonons, these magnetoelastic polarons will domi-
+ —”E [obo())]Sh; + HE {J" cod ¢, (j)] nate a larger phase space below and above the ferromagnetic
T T transition compared to the standard KLM. This is shown
+Jli cog 2kej + ¢p(j)]}(e_m"<j)53,j +H.c) explicitly in Fig. 6, where the3=5 case is compared to the

B=0, andU=0 in both cases. It can be seen that the po-
laronic liquid occupies a much larger phase space in the first
T2 )\E sinl () Isin2kej + ¢,(D]Si;, (19 case compared to the standard KL(shaded region This
proves that, at least in the one-dimensional KLM the local
wheref andb denote forward-scattering and backscatteringinhomogeneities are enhanced by phonons, creating magne-

b
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toelastic polarons similar to intrinsic mesoscopic pattern®f forward scattering by delocalized conduction electrons.
from two-fluid model phenomenologies. (i) Ferromagnetism is favored by the Hubbard term, while it
It is interesting to mention that similar behavior is ex- is suppressed by the electron-phonon couplifiiy) The
pected in higher dimensions also. As shown in Ref. 54, thgparamagnetic phase is characterized by the coexistence of
randomness generated through local inhomogeneities is thlaronic regimes with intrinsic ferromagnetic order and or-
driving force, rather then dimensionality, in any real-spacedinary conduction electronsiv) In the paramagnetic phase,
renormalization approach. Thus most of the properties pretwo time scales compete with each other—reminiscent of a
sented previously will survive in higher dimensions. Thistwo-fluid model—and the variability of the critical exponents
have been confirmed also by extensive numericabuggests the existence of a Griffiths phase.
calculations? The results are related to the small-doping regime of
An important prediction of our theory is the finite tem- CMR materials, which are ferromagnets at low temperatures,
perature behavior of the polaronic liquid phase below thesince here the coupling to the phonons has been shown to
transition line, the so-called weakly disordered paramagnetidominate the paramagnetic-ferromagnetic phase transition.
phase. This is the region of the phase diagram, which i®ote that moving away from this criticality into the weakly
enhanced by phonons and as such dominated by magnetdisordered polaronic liquid phase the results, in particular,
elastic polarons, as explained previously. Here, followingthe finite temperature susceptibility, show behavior charac-
closely Ref. 42, we can determine the finite temperature sugeristic to all heavy fermion compounds.
ceptibility. At small temperatures the weakly coupled po- In regard to the CMR materials, it is interesting to point
larons behave as free spins with mome#tat In(T"/T) and  out the discrepancy between infinite-dimensional calcula-
the  susceptibility — will  become xpoaror= Y (T/  tions and the present one-dimensional results. Many approxi-
T2 InT/T"). T  is a temperature scale at which the mate calculations to model CMRhave been made in dy-
renormalization flow is Stopped when the temperature f|ucnamical mean-field theory, which is an infinite-dimensional
tuation scale equals the quantum fluctuation. approximation and therefore incapable of capturing spatial
The susceptibility diverges at— 0 in the Griffiths phase inhomogeneities. In the present work we have approached
as expected However, if § increases, e.gd~1/2 the sys- the CMR materials via a one-dimensional approximation, but
tem moves away from criticality, the susceptibility at zeroWith techniques able to describe fluctuations of short-range
temperature will be finite and will no longer be dominated byorder. Our results show that strong intrinsic spatial inhomo-
the large rare polarons but rather by the more typical smallegeneities of Griffiths type dominate the behavior of the
ones, becoming a strongly disordered phase. On the temper4ondo lattice. Consequently, the inhomogeneities exhibit
ture scale, this corresponds to increasing the temperaturglear statistical scaling properties as a function of the prox-
Thus, at higher temperatures the susceptibility will becomdmity to a quantum (order-disorder critical point. The
Xpolaror™ (T/T=-DINT/TH)=A-T/THIN(T/T).  Interest- phonons_enhance the inhomoge_neities, which, in a good ap-
ingly, this is identical to the phenomenological form of the Proximation behave as a supercriti¢aletastablephase of a
susceptibility that has been associated with heavy quasipatwo-fluid model.
ticles in all heavy fermion compound®.For these com- Even though various bosonization schemes have been
poundsT" is the temperature at which the heavy quasiparti-used for the one-dimensional KLK#,?* non of the previous
cle liquid starts to emerge from a standard Kondo latticePproaches took into account phonons. The inclusion of pho-
behavior. Note that in our approach of derivifgyjaonwe — NON degrees of freedom has been shown here to be relevant
moved away from the critical point, in agreement with recentin creating local magnetic inhomogeneities. It is important to
calculation? that the heavy fermion systems are in the vi-e€mphasize that the properties of the system are controlled by
cinity off, but not on a Griffiths singularity. intrinsic inhomogeneities. This means that, in a renor-
malization-group approach, the dimensionality should not
matter®>5* Thus, a similar behavior is expected in realistic

VII. CONCLUSIONS two and three dimensions, which clearly merit further de-
In summary, we have derived an effective Hamiltoniant@iled study.
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