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We study an effective one-dimensionatD) orbital t-J model derived for strongly correlatey electrons in
doped manganites. The ferromagnetic spin order at half filling is supported by orbital superexefavigeh
stabilizes orbital order with alternating—y? and %?-r? orbitals. In a doped system it competes with the
kinetic energyx=t. When a single hole is doped to a half-filled chain, its motion is hindered and a localized
orbital polaronis formed. An increasing doping generates either separated polarons or phase separation into
hole-rich and hole-poor regions, and eventually polarizes the orbitals and ginesbic phaseavith occupied
3z2-r? orbitals. This crossover, investigated by exact diagonalization at zero temperature, is demonstrated both
by the behavior of correlation functions and by spectral properties, showing that the orbital chain with Ising
superexchange is more classical and thus radically different from the 1-D-3pitodel. At finite temperature
we derive and investigate an effective 1-D orbital model using a combination of exact diagonalization with
classical Monte Carlo for spin correlations. A competition between the antiferromagnetic and ferromagnetic
spin order was established at half filling, and localized polarons were found for antiferromagnetic interactions
at low hole doping. Finally, we clarify that the Jahn-Teller alternating potential stabilizes the orbital order with
staggered orbitals, inducing the ferromagnetic spin order, and enhancing the localized features in the excitation
spectra. Implications of these findings for colossal magnetoresistance manganites are discussed.
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[. INTRODUCTION trons, are richer and include interactions between large and
more classical spin$2! These interactions, together with

R and A are rare earth and alkaline earth ions, have attractd€ Jahn-Telle(JT) effect, stabilizeA-type antiferromagnetic
increasing attention because they show a rich variety of eled/AF) phase coexisting with orbital order in undoped
tronic, magnetic, and structural phenomena, and several dit-—aMnoS' While the shape of the ocpup|ed Ofb'ta!'s in the
ferent types of ordered phasego explain the colossal |OW-temperature phase of LaMn@s still controversial, the
magnetoresisten¢CMR) and metal-insulator transition ob- two-sublattice orbital alternation in an orbital ordzered state
served in these compounds as a function of either daprg within the FM planes of LaMn@is well established? When

: . . - the spin dynamics in the FM planes of LaMg@ frozen at
tempergtureT, which suggests their potentl_al technological low temperature, one can constrain an effective model to
applications, one has to go beyond the simple double e

; ) . )T)urely orbital superexchandginstead of considering a more
change model of_Zenér_and Investigate a complex interplay complex complete spin-orbital mod®.The superexchange
between magnetic, orbital, and lattice degrees of freedom, ajta| interactions favor then alternating direction@t?

well as the conditions for the itinerant behavior of strongly_rz_"ke) and planarx2-y?-like) orbitals along every cubic
correlatede, electrons. direction23

The theoretical challenge is to understand the properties A considerable simplification is allowed in the FM phase
of doped manganites in terms of the dynamics of correlategt finite doping and at=0, where the spins are aligned and
e, electrons which involves their orbital degrees ofan effectivet-J-like charge-orbital model is sufficient. Ex-
freedom!# Although several features such as the transitionperimentally, at doping higher thar=0.10 one finds a FM
to ferromagneti¢FM) order under doping, and the magnetic insulating phase, followed by a metallic ph&é&he micro-
excitations in the FM phase, were qualitatively reproducedscopic reasons of this behavior are intriguing—it contradicts
within the Kondo model which assumes a nondegeneratthe usual spin polaronic picture of a FM phase. A puzzling
conduction band:>-tit is evident that the degeneracy @  competition between the insulating and metallic behavior
orbitals plays a major role in the double exchange model, irwithin the FM phase was also reported for
the transport properties of doped manganites, and in thkag ggSry 1Mn03.2°
CMR effect itself:>14In the undoped LaMn@charge fluc- Here we will concentrate on the generic behavior due to
tuations are suppressed by large on-site Coulomb interactiogy orbital degrees of freedorm a FM phase, and we will
U, leading to superexchange which involves both spin andreat the spin dynamics classically, as usually done in the
orbital e, degrees of freedom. double exchange mod&l3 This approach is complementary

Purely electronic superexchange models describing thto focusing on the quantum effects in double exchange,
orbital order ofe, electrons were suggested early on by Ku-which was presented recentfyOur aim is to study the cor-
gel and Khomskit® and are of great interest recentfyln  relation functions and spectral properties of a one-
cuprates, like in KCuf; they lead to enhanced quantum dimensional1-D) orbital t-J model by exact diagonalization
effects!” while in manganites these models, which originateat zero temperaturéT=0), and by classical Monte Carlo
from several charge excitations due to eitagror t,y elec-  simulations of spin correlations at finite temperature in order

Doped perovskite manganese oxidgs,R,MnOg, where
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to establish the consequences of orbital order and orbital dythis model is analyzed first qualitatively by comparing the
namics in doped manganites. In the strongly correlated reenergies of two phasesi) the insulating phase with local-
gime the charge dynamics couples to orbital excitations anized e, polarons, andii) the metallic phase with itinerant
can be described in terms of the orbital model for doped  carriers. Next we analyze the correlation functions and the
manganite$*?"?® As in the spint-J model, a doped hole spectral properties of a finite chain & 14 sites filled by up
moves in an orbital ordered state by dressing itself with oro five holes, and demonstrate a crossover from the insulat-
bital excitations’” However, the structure of the quasiparticle ing to metallic phase under increasing doping. At finite tem-
(orbital polaror®) izs9 here quite_different f_rom that deri\_/ed peratureT we derive an effective orbital-J model, with
from thet-J model™ as the orbital model is more classical. gjectron hopping and orbital interactions depending on the
hASh ahreferincg sys%tem yvel ushe Ia 1-D Sﬁm model for actual configuration of core spiiiSec. V). The interrelation
Y]vollé: crtez;e?jeina\zgolrg Naéeslmsg[z;e i(; eheliewrﬁoblijlgd:sjtonﬂg. '?‘)between spin and orbital order, the correlations around a
) y Soped hole, and the evolution of spectral properties under

thought of as decaying into a magnetic domain wall. In fact, . . X . . L
it gives a charged domain wall already after a single hop an creasmg_doplng_ are next investigated using a co.mblnat!on
8f exact diagonalization with Monte Carlo simulations. Fi-

leaves behind a solitonic defect from which it separates an I e th | d | |
next propagates independently. This is the simplest visualiz!2/ly: We summarize the results and present general conclu-

tion of hole-spin separation in a 1-D system. The familarSions in Sec. V.
string picture and quasiparticles on the energy scale 2f
are then recovered when a staggered magnetic field is ap- Il. ORBITAL t-J MODEL
plied and suppresses domains of reversed sitis. , )

We show below that an analogous phenomenon of hole- We consider the 1-D orbitatJ model,
orbital separation does not occur for the orbital degrees of Ho=Hi+Hy+ Hyp, (1)
freedom, but instead a single hole is trapped in a 1-D chain
when orbitals alternate. This explains why an insulating beobtained forey electrons in FM manganites dt=0. The
havior may extend to finite doping. A staggered field has eHamiltonian(1) acts in the restricted Hilbert space without
well established physical origin in this case, and could fol-double occupancies. Due to the absence of th€ssym-
low from the frozen JT modes with alternating oxygen dis-metry, the kinetic energy in the, band takes a form which
tortions along the chain itself, and on the bonds perpendicudepends on the used orbital basis. For the present 1-D model
lar to its direction, when the chain is embedded within ait is most convenient to consider a chain along ¢rexis and
three-dimensiona(3-D) crystal. This interaction may also to use the usual orbital basig?-y?,3z>-r2}, for which we
play an important role for the transport properties of lightly introduce a compact notation,
doped manganites and is difficult to separate from on-site
Coulomb interactioniJ.3? Therefore, it was even suggested X) = i_
that models including Hund’s exchandg between conduc- V2
tions electrons anthy spins, but neglecting Coulomb inter-
actionU, could capture the essential physics of mangasites.
We will investigate below the JT term which leads to a stag

K-y, D= s2-1). @
V6

A chain along thea or b axis could also be analyzed using
this basis’® but in each case one obtains a simpler and more

gered field acting on the orbitals. Note, however, that the 1_dransparent int.erpretatic_)n of the res_ults Wi.th a basi; consist-

case is special as static JT distortions, preventing fluctuatiod59 of a directional orbital along this part|cuzlar2cub|c ";D('S'

of occupied orbitals, suppress completely hole motion along?nd an orthog_onal to it planar orbital, e.gx*3r” andy

the chain, while in a two-dimensioné2-D) model they lead =2 forana axis. .

instead to an enhanced coherent component in the hole mo- The3+model gr'fl\ie.n by Eq1) stands for a Ch‘f’“” comppsed

tion mainly due to the suppression of incoherent proce’é‘ses.Of Mn gnd Mr™ ions coupled 'b.y the effective hopping
Another feature characteristic of the orbital physics anaWhICh originates from the transitions over oxygens. Due to

different from spin models is that the lattice responds to thdhe symmetry, thex) electrons cannot move, and the hop-
doping. As pointed out by Kilian and Khaliulli# the PIN9 termH, allows only for intersite transitions between a

breathing motion of the Mngoctahedra provides a strong site occupied by &) electron and an empty neighboring site,

tendency towards hole localization in the presence of singly _ s =t =
occupied(almos) degenerate, levels, as shown in a 2-D H = IE (CiCiraz + s i) ©)
model?8 A static hole polarizes then the orbitals occupied by it
e, electrons in its neighborhood, and this polarization is exWhere an operatdg;,=c;,(1-n) creates dz) electron when
pected to happen in addition to the effects promoted by th&ite i is unoccupied by amx) electron. The hoppingi; de-
orbital superexchange interactions. We also consider this irscribes thus spinless fermions with an orbital flavor in a re-
teraction in the present 1-D model and show that it simplystricted Hilbert space, in analogy to the origital model in
renormalizes the superexchange interaction, and thus it coukpin spacé? but only one(z) component is heréinerant,
lead to qualitatively new features and be of more importancavhile the other(x) one isimmobileand hinders the motion of
only in a higher dimension. |2) electrons along the chain.

The paper is organized as follows. In Sec. Il we present The superexchange in undoped LaMni® given by a
the effectivet-J orbital model fore, electrons moving along superposition of several terms which originate from charge
a 1-D chain in a FM plane of, e.g., LaSrMnO;. In Sec. Il excitations due to eitheg, or t,q electron hopping—they
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are discussed in Sec. IV A. While thg, part is AF, theg, n=1-t%,-¢T%,. (11)
terms favor either FM or AF spin order on a bofig), de-
pending on the pair of occupieg} orbitals at sites and . These correlation functions will be discussed in Secs. Il and
For the realistic parameters of LaMpne finds thed-type  IV. Note that the kinematical constraint givé¥0)=R(0)
AF order in the ground state, with FM planes staggered=0.
along the third direction. Taking a cubdcdirection within a We compare the orbital correlations and the spectral prop-
FM plane, the superexchange expression simplifiegrties obtained for the orbital chain, with these found for a
enormously? Treating largeS=2 spins at MA* ions classi-  1-D t-J spin model forS=1/2 spins,
cally, all AF terms drop out aT=0, and the remainingr- L
bital superexchangéavors alternatingg; orbitals® There- ;= -t (T Cu1 o+ Tl Gio) + 202 (S "Sy1— %ﬁiﬁi+l)

I

fore, the superexchange interactions reduce then to the io
purely orbital interactions which favor alternating directional .
(322-r?like) and planar(x>-y>like) orbitals along every +2h3§i: explinR)S, (12)
cubic directior?® In the present 1-D model one finds
_ 21z _ le wheret =cl (1-n; _,) is a creation operator of an electron
H,= iji“ (TiTh = &Rili), @ Wit spino at sitei in the restricted Hilbert space. In contrast
to the orbital model, here the electrons withth spin flavors
where operators are mobileand exchange between the sitendi+1, so the
TiZ:%O'iZ:%(nix_niz): (5) interaction is a scalar produ& -S., instead of the Ising

term T/T;,,. For convenience, we use the same units as in
stand for orbital pseudosPin'B: 1/2, with two eigenstates Egs. (4) and (6); hereJ=2t2/U with U being the excitation
defined in Eq(2), andf;=¢ G, +CLG;, is an electron number energy. The staggered fiekh, simulates the long-range spin
operator in the restricted Hilbert space. The superexchangsrder present in a 2-D mod&3'and plays a similar role to

constant)=t?/£(°A,) is then given by the high-spin excita- the JT field in the present orbital model. For doped spin

tion energye(°A,).2 chain we consider analogous correlation functions to orbital-
The last term in Eq(1) stands for the staggered field orbital (7), hole-orbital(8), orbital order at distanca from
induced by the cooperative JT effect, the hole(9), and around a hol€l0), with spin operator§’ in
) , place of T [Eq. (5)].
Hyr= 2EJT? explimR)T}, (6) In the next section we report the results obtained by Lanc-

zos diagonalization of aiN=14 orbital chain with periodic

considered also in Ref. 37, and supporting the alternatingpoundary conditions and different electron filling &0,
orbital order. It gives an energy gaif;; per site in the and compare them to more familiar spin physics. We have
ground state of an undoped 1-D chain, and follows from theverified that the results concerning the crossover to a metallic
alternating oxygen distortions around manganese ions iphase are representative and do not depend on the chain
LaMnO;,.%8 The present simplified forfEq. (6)] of a general  length in any significant way.
expressiort? which depends on the type of oxygen distor-
tion, is sufficient in the 1-D model. IIl. NUMERICAL RESULTS AT T=0

At finite dopingx=1-n, wheren is an average, electron
number per site, the presel model gives an interesting A. Analytic estimation of the crossover from orbital polarons
problem, with competing tendencies towards orbital alterna- to itinerant electrons
tion in insulating state on one hand, described by orbital

X The ground state of the orbit&dd model (1) depends on
correlations,

two parametersld/t and E;;/t, and on hole doping=1-n.
T(n) =(TTZ,), (7) We first investigate the ground state T=0) changing these
parameters. A realistic value bf-0.4—0.5 eV was estimated
and Uniform|z> pOlarization in the metallic state on the other. for manganites using the Charge_transfer mé@@hkn‘]g this
The nature of the ground state obtained at finite doping igs an energy unit, and the spectroscopic value for the energy
best investigated by considering a few characteristic correlasf the high-spin excitations(°A,)=U-3J,=3.8 eV, this
tion functions, containing information about the orbital statejeads toJ/t=1/8. We will consider als,>0, which pro-

and about the orbital order between two nearest neighbqfotes localized behavior @, electrons.
sites, both at distance from a hole and about the orbital At half filling one finds alternatingx)/|2) orbitals in the

correlations across a hole. To optimize them we introduce ground state ati>0, with classical intersite correlations

P(n) =T, 8  T(W=(-1)"4.If asingle hole is then doped to an orbitally
ordered state at afx) site, it can delocalize within a box
R(N) = (M2, T ., 9) consisting of three sites, as each neighbofmglectron can

interchange with the holgsee Fig. 1a)]. This state is there-
7= (T2 T (10) fore favored over doping at the) site, and one can easily

RS determine the energies of a doped hole in an antibonding and
wheren; is a hole number operator at site bonding state,
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(@) [ AO three-site clustergEq. (14)], with (ii) a metallic(itinerany
— [] — @ [:] — I:I phase[Eq. (15)]. One finds that at fixed and E;7=0, an

- b insulator-metal transitiontakes place when the hole concen-

2> x> > (0> [z> x> > x> tration x increases. A critical concentration for this transition

increases with increasinyyt [Fig. 1(c)]. The data points ob-
tained from the exact diagonalization of &h=14 chain
agree with the analytic estimation aft=1/12 and 1/8,
while for a larger value ofl/t=1/4 theregion of the insu-
lating AO phase is more extended in the chain. Note, how-
ever, that the present analytic estimate is anyway only quali-
tative as the energy of the AO phase can be evaluated using
a superposition of holes confined to three-site clusters only
up to x=0.25. An extended region of stability of the AO
phase results here from larger clusters of the itinerant phase
which are still separated by immobilg) states; such larger
itinerant units occur already for<<0.25 at low values od/t,
as the gain in the kinetic energy for a hole moving within a
larger cluster approaches fast the metallic limit with increas-
ing cluster size, and may be easily compensated when a few
exchange bonds are created. Indeed, the data gmsvFig.

FIG. 1. (Color onling Competition between localized holes 1(_0)] that the ground state fox=1/14 remains |nsu_lat|ng
within an alternating orbitalAO) phase, with staggered localized With two |x) electrons ag=0.02, and becomes metallic only
) (shadded vertical boxgsand itinerant|z) (empty horizontal ~ for J<0.02.
boxe3 orbitals(a), and itinerant holes in ferro orbitéFO) |2) phase A simple estimation of the metal-insulator transition is
(b), in a 1-D chain along the axis. A hole(shaded circlpis con-  also possible when a polaronic polarization around a*fole
fined to a cluster of three sites in the AO state, while it is delocal-is included in Eq(1),
ized over the entire chain in the FO state, as indicated by dashed o
boxes. Partc) shows a qualitative phase diagram of the 1-D orbital Ha=- AE nimi—l,z+ﬁi+l,z)v (17)
t-J model(6), with a critical concentratior, separating the AO and i
FO phases, as obtained f&;r=0; and A=0 (solid line), A=t
(dashed ling Filled (empty) circles in(c) show the AQ(FO) states
found by exact diagonalization of at=14 chain.

whereﬁjzz"c‘:i’l_,lvz?:iﬂyz is the electron number operator in the
restricted space without double occupancies, @rig a hole
number operato(l11). At E;r=0 a similar expression to Eq.

- (13) is then obtained, witll=J+A, and the range of an in-

Eine = 3J% 5(3 + 8912, (13)  sulating AO phase shrinks in the phase diagram of Fig. 1
_ In fact, the polarization around doped holes is optimized in a
with J=J+2E,; standing for an excitation energy of the con- metallic phase, and this result is special to the 1-D model.
figuration with a hole moved to a leftight) site within a  Therefore, we shall not consider this interaction further, as it

three-site cluster shown in Fig(a. gives qualitatively the same results as the orliithmodel at
As long as the holes may be doped into separated thregx=0, but with a somewhat reduced valueJof
site units(for x<0.25), the total energyper sitg of an in- At finite JT energyE;r the situation changes in a drastic

sulating phase follows from the weighted contributions ofway. Even for relatively smalE;r=0.2% the AO phase is
the undoped orbital ordered regions, and doped holes occitabilized in the entire range of doping shown in Fige)1
pying the bonding states of individual clusters, with energyNote that even somewhat higher values could be more ap-

Ein- (13), propriate for realistic 3-D manganité$3° This suggests that
_ the JT effect may indeed play a very important role in man-
E =-(1-xE;;—(1-2)J+xEy, -. 14 ; - ; ; : . .
! (1 =0Egr=( I+ xE, (14 ganites and stabilize an insulating phase with orbital order in
The energy of a metallic phase, which contains only itinerant broad regime of doping; we address this question in Sec.
|2) electrons fom>0.5 [see Fig. )], I E.
1 1 . -
Ey=— gg-t+— Ek 4 (15 B. Orbital order at half filling
TJ k< ml2 TJ k<ke

The superexchange interaction in the orbital madglis
is obtained by integrating over the occupied one-particldsing type, and therefore the orbital order in the undoped
band states, .. At finite E;r one finds system at finitel is perfect, with alternating occupigx) and
- 4 (s At oodk |2) orbitals along the chain, an@?T?,,;)=-0.25. The classi-
&z = * VEjr+ 4t cos k. (16) cal character of this ground state is reflected in the one-hole
The superexchangel does not contribute t&y,. excitation spectra. If a single hole is added at half fillimg
It is now of interest to compare the energy of two extreme=1), it may be doped either at dr) or at a|2) site. A hole
situations:(i) an insulating phase with holes localized within doped at dz) site is immobile and the energy of the final
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ent. Unlike in the 2-D case where a hole is trapped and can
move only by its coupling to quantum fluctuations in the spin

_ ; background, leading to a quasiparticle behavior with a dis-
-4 -2 072 N\ persion on the energy scaiel,*° the string potential is ab-

5 o sent in a 1-D chain. The 1-D model shows spin-charge sepa-
ration, because a hole may propagate after creating and
s leaving behind a single solitonic defect with two spins of the
same direction next to each ott{ér*® However, the chain
used in our case is too small for the spin-charge separation to
2 be clearly visible. A more coherent component can be in-
duced by introducing the coupling between the moving
charge and spin fluctuations, which occurs in the presence of
an external staggered field generating the string potefitfal.

We address this issue in Sec. Il E.

The presentN=14 spin chain gives at half filling
(§'S,;)=-0.1491, a value being already quite close to the
exact result —0.1477 for an infinite Heisenberg chain. There-
fore, we expect that the results presented for the more clas-
sical orbital chain with partly localized wavefunctions are at
least of the same quality, and suffer even less from finite size
effects.

n(w)

wave number

wave number

o/t

FIG. 2. (Color onling Spectral function#(k,w) at half filling
for an N=14 site chain:(a) orbital model, with hole excitations
within an occupiedz)/|x) orbital shown by solid/dashed lines, re-  First we consider the total enerdgy=(*H,) as a function
spectively;(b) the spint-J model. Insets show the density of states of the number ofz) electronsN, at each doping, and de-
N(w). ParametersJ=0.123, E;r=0, hs=0. We assumed a finite termine the actual distribution a&, electrons in the ground
broadening of the peaks by=0.1t. state. The density of; electrons in two orbitalsp, andn,,

depends on the ratid/t. At half filling (x=0) one findsn,
state is higher by 2 than that of the initial state, as two =n,=0.5, and the occupied orbitals alternate. At ladj¢
exchange bonds are removed. This excitation appears as~al one expects that the orbital order is still close to perfect
localized peak at hole binding energy J-th Fig. 2a). In  in the regions which separate orbital polarons, with the den-
contrast, when a hole replaces @ electron at sitd, the  sitiesn,=0.5 andn,=0.5-x. On the contrary, in the limit of
resulting state is not an eigenstatett, the hole delocalizes J/t— 0 a single holdin a finite chain suffices to destabilize
over a three-site cluster including also occug®drbitals at ~ the orbital order, causing a transition to an itineréR©)
neighboring sites—1 andi+1 [Fig. 1(a)], and the bonding state withn,=1-x andn,=0.
and antibonding hole statg¢&3) contribute. They give two The energy obtained for aN=14 chain filled by <N
maxima in the excitation spectrum of Figa®, with energies <14 electrons for two values aJ=0.2% and 0.125 are
Ein+—2J. As the hole cannot hop over the sites occupied byshown in Fig. 3. The tendency towards electron delocaliza-
|x) electrons, these two states are again localized within &ion is quite distinct already for a higher value & 0.25,
cluster, and lead t&k-independent maxima in the spectral with the minimum ofE; moving to N,>7 with increasing
function. doping x. The number ofz) electronsincreasesby one(to

Strictly speaking, three-site terms, similar to those knownN,=8) at the electron filling oN.=12 and 11 electrons. At
from the derivation of the spitrJ model®® occur as well in  No=10 there remains just a sing|g) electron which still
the orbital model. One might expect that such termsblocks the hopping along the chain, whileNg=9 all elec-
ocJ“qTﬂyzﬁix'éi;l,z, would change the spectral functions as atrons are inz) orbitals, and one obtains a metallic state. This
hole created at &) site could then hop to its second neigh- transition to a metallic state is faster at a lower value] of
bors and interchange with immobile electrongxnorbitals. =0.125 [see also Fig. (£)]. Here adding a hole increases
However, we have verified that these processes are of imposimultaneously the number ¢) electrons by one, and one
tance only forJ~t, but do not lead to any significant finds N,=8 andN,=9 for N,=13 andN.=12, respectively,
changes of the spectral properties in the physically intereswhile doping by three holes gives already a metallic state
ing regime ofJ=<0.2%. Therefore, they are neglected in what with N,=Ng=11.
follows. The correlation functions in the ground state obtained af-

In contrast, the spectral functions obtained with the usuater doping the chain by a single hole are very transparent at a
spin t-J model show a dispersive feature at the highest enhigher value 0f1=0.2%, and are easily accessible by looking
ergy, a similar weaker dispersive feature at low energy, andt the correlation function&)—10). As shown schematically
incoherent spectral intensity between th@ig. 2(b)]. The in Fig. 1(a), a hole replacingx) electron is then confined to
two dispersive features have a periodicitymfnstead of 2r  a three-site cluster, which can be deduced from the hole-
obtained for free electrons, are broadened and rather incohewrbital correlation functiorP(n) [see Fig. 4a)]. First of all,

C. Correlation functions at finite doping

184430-5



DAGHOFER, OLES, AND VON DER LINDEN PHYSICAL REVIEW B 70, 184430(2004

R(n)

(b) J=1/8

R(n)
&

R > S S

FIG. 5. Orbital correlation®(n) (9) at distancen from a single
hole doped to a half-filledN=14 chain(filled circles, full lineg, as
obtained for the orbitatJ model forE;r=0 and(a) J=0.25 and(b)
J=0.125. Spin correlations obtained in the 148) model (hg=0)

FIG. 3. Ground state enerdy, as a function of the number of are shown for comparison by open circles and dashed lines.
itinerant electron$\, for O up to 5 holegfrom top to bottom added
to a half-filed N=14 orbital chain, forE;r=0, and for(a J  domains with opposite spins, and weak oscillations result
=0.23 and(b) J=0.123. here only from holon-spinon correlations.

The ground state obtained for one holeJat0.125 is
qualitatively different, as doping by one hole generates a
single orbital flip and the number of itineraf#) electrons

at the nearest neighbor of a hole one finds preferal) a
electron, with P(1) <-0.25 indicating that a hole spends

more time at a central site than at either outer site of the, ‘o caq to\,=8. Figure 4b) shows that this defect in the
three-site cluster[P(1)=-0.25 would correspond to the ,ionyise perfect orbital order occurs close to the hole, in-
bonding state ad=0 andP(1)=-0.5 to a static hole at a (reasing the island over which the hole can delocalize, ex-
central sit¢. This also causes a weak alternatiorPoh) with  tending now over five sites. Hence, one firld) = —0.44
increasingn for further ngighbors{nzZ). This resultis dif-  5ngp(2) ~-0.25, and only starting from the fourth neighbor
ferent again from the spittJ model, where almost no pref- tnjis correlation is weakly positive. In contrast, a decreased
erence for the spin direction is found already at the nearesfajye ofJ does not cause any significant change in Ffe)
neighbor of a doped hole. Here the oscillations between eveg, relations for the spin-J model—they are only slightly
and odd neighbors are also much weaker as a hole is NOWeaker than fod=0.25.

delocalized, and one is averaging over several different con- the orbital order, measured by second correlation func-
figurations wherP(n) is evaluated. They correspond to the ton R(n) (9), remains perfect at a sufficient distance from the
doped hole, withR(n)=-0.25 [Fig. 5a)]. In the case of a
higher value 0fJ=0.2%, the order is perfect starting from
n=2, while forJ=0.12% with a larger island of the itinerant
phase, it starts only at=4. In addition, the orbital correla-
tion R(1) is here positivgFig. 5b)], as two|z) orbitals occur
frequently next to each other both at the first and at the
second neighbor of the hole which polarizes a larger five-site
cluster. This behavior shows that phase separation occurs
here in the regime of small/t, and its mechanism which
originates from orbital physics is completely different from
that known from the spit-J model at largel/t>1.

The spint-J model has practically the same spin-spin cor-
relations for both values af. Due to quantum fluctuations in
the Heisenberg 1-D chain, the correlation functiem) =
n —0.14 forn>1 [Fig. X@)] is much reduced from the classical

value R(n)=-0.25 found for the orbital model. In fact, the

.FIG. 4, Rolarization of the orbitgfilled circles, full Iirles) and long-range order is absent in the 1-D spin chain, and the
spin (open circles, dashed linebackgroundP(n) (8) at distancen o . antym fluctuations contribute to the energyer sito,
from a single hole doped to a half-filldd=14 chain, as obtained L . . > >
for the ground state of the orbital/spir) model without staggered Which is much lower than in the orbital casg=XS-S.1)
fields (E;;=0, he=0), and for (8) J=0.2& (N,=7), and (b) J  =3X§S.y). The presenN=14 spin chain gives at doping by
=0.125 (N,=8). one hole(n;§, S, n.1)=—0.1448 fom=6,7, avalue which is

P(n)

P(n)
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FIG. 6. Orbital correlation®(n) (9) in a doped\N=14 site chain JA
(filled circles, full lineg, as obtained for the orbitatJ model atJ FIG. 7. Orbital and spin ordefilled and empty circlesaround

=0.12§, E,r=0 for doping by(a) two holes(insulating phasgand 3 holez (10) as obtained for alN=14 chain with increasing/t
(b) three holegmetallic phasg Spin correlations are as in Fig. 5. doped by(a) one hole andb) two holes. Other parameters are as in

only little reduced from —0.1491 found at half filling, show- Fig. 2.

ing that in spite of certain hole delocalization, spin intersite

correlations are almost undisturbed by a single doped holgFig. 7(b)], with Z=0.25,Z=0.22,Z2=0.20,Z=0.16, and

when the distance from it is sufficient. Z=0.07 for increasingl/t. The transition to two separated
When doping increases, a gradual crossoveR(im cor-  three-site polarons occurs here at a somewhat higher value of

relations towards a metallic chain witk) orbitals occupied J~0.3Q than the transition to a single three-site polaron for

is found. The region doped by holes extends for two holeshe doping by one hole.

over nine sites and giveR(n) <0 starting fromn=3 [Fig. In contrast, the spin correlations between two hole neigh-

6(a)]. The correlation functiofik(n) is averaged over several bors arenegativein the spint-J model, both for one and for

bonds, and the values 8{n)=-0.17 forn=6, 7result from  two holes(Fig. 7), showing thesolitonic character of charge

a superposition of the classical ordéf?T%,)=-0.25 in the defect in the spin chaift At low J/t these correlations are

insulating region and a positive value @FTZ,) correlations ~More pronounced, while increasidgt leads to more delo-

within the metallic cluster. When the insulating phase disap-cal'zed holes and to weaker correlatiahs-~0.10 andzZ =~

pears at doping by three holgig. &b)], R(n)>0 shows —0._12 for the states doped either by one or by two holes at
that only|z) orbitals are occupied. Three holes in the metallic‘J/t_O'l' f_Somehwhatl_stro_nger: AF Corrfela;c]lons '3 ]Ewo-hple
phase avoid each other, and one finds a weak local minimu pse coniirm the solitonic character of charge defects in a
at n=4 in R(n) correlations. The spin system gives instead -D spin chain, with a soliton compensated by an antisoliton.
negativeR(n), as here the hole hopping does not destroy the
AF spin order. The correlation functiorik(n) for the spint
-J model have similar values for either two or three holes, Next we analyze the spectral functions obtained at finite
while local minima found abh=7 andn=4 indicate again a doping. Starting from the ground state of an orbital chain
characteristic distance between the holes in both cases. with a single hole, we found that in the region of very small
The polaronic character of a doped hole is confirmed by J (J~0.01t for an N=14 chain the spectral function of the
the positive orbital correlationZ>0 between its neighbors orbital model shows a free propagation of a hole within the
(10). At J<0.01 the ground state is metallic art=0.25.  entire chain, and electrons filz) orbitals. This cas&not
Next, whenJ/t increases, the hole is first trapped in a largeshowr) is however only of theoretical interest, and &t
metallic clustefZ=0.22), with its size gradually decreasing =0.125, adequate for LaMng) one finds instead fairly lo-
down to a five-site cluster whed=0.08—a hole is sur- calized spectr@Fig. §a)]. One recognizes the maxima which
rounded predominantly by twia) electrong[Fig. 7(@)]. This  correspond to localizetk) excitations atw-u=-1.&, and
ground state, witiN,=8 andN,=5 electrons in the chain, the structures corresponding to the bonding and antibonding
remains stable up td=0.2Q. At J/t>0.20 the ground state states of thex) excitations atw—u=-3.2 and -0.3. The
changes again thN,=7 andN,=6 which gives a small orbital spectra are&k dependent and the spectral weight moves to
polaron[see Fig. 1a)]. Due to finite superexchange enedyy higher energies with increasing momentlnfollowing the
the probability that the hole is in the center of a three-sitelight-binding dispersion aE;;=0, €,_=-2t cosk (16). The
cluster, with two neighboringz) electrons, is somewhat total widths of the spectrum in Fig(® is close to 4 i.e., to
higher than that it occupies either of side atoms, with [@he full free-electron dispersion obtained for electrongznor-
and onelx) occupied orbital next to it. As a result, the cor- bitals.
relation functionZ=0.02 is now weakly positive. For the The spectrum obtained for spird model is drastically
filling by two holes one has again five different ground statedlifferent. A broadened quasiparticle band crossing the Fermi

D. Spectral functions at finite doping

184430-7
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FIG. 8. (Color onling Spectral functionsA(k,w) for N=14 FIG. 9. (Color onling Spectral functionsA(k,w) for N=14

chains doped with one hole fd/t=0.125:(a) orbital t-J model(1) chains doped with three holes fdft=0.125:(a) orbital t-J model
with N,=8 andN,=5—solid and dashed lines ftz) and|x) exci- (1) with N,=11 andN,=0, (b) spint-J model(12) with N;=5 and
tations; (b) spin t-J model (12) with N;=6 andN,=7—solid and  N,;=6. The meaning of soli(dashedllines, insets and other param-
dashed lines for hole and electron excitations. Insets show the deeters are the same as in Fig. 8.

sities of states((w). Other parameters and peak broadening as in

Fig. 2. E. Polarons induced by the JT effect

energy resembles a tight-binding dispersion with a reduced The energies of the insulating and metallic phase are close

g a:tzvr\rqd\fyo[lljlg.sﬁg\)/\]/. SFci)rz_Lohv;rmeor::n;?;}igv:etrﬁeasIaergt(? ; atro each other for typical parameters. Therefore, even a mod-
Y P 9 P ' P Erate JT energ¥;1=0.25 is sufficient to stabilize the insu-

B e e a3 phase i  broa regme of coping, i occuod
part, propag Orbitals fragmenting the chain into smaller units. When a

Fhe limit on—>O, which oceurs in this case mthou_t pO|§I’IZ- single hole is doped, the JT field has qualitatively a similar

ing the chain, as both spin flavors are mobile in this limit andeffect as a larger value ai—a hole is then well localized

theASSp\llced;:ngoghlg,v\ll;reilr:av;imt.B dopinaN=14 chain b within a three-site cluster, and the hole-orbital correlation
. g g.(B), dopingN= oy P(n) exhibits more pronounced alternation, indicating a ro-

three holes is sufficient for the crossover to the metallic Stat%ust orbital orderFig. 11a)], as in Fig. %a). The orbital

for a realistic value ofJ/t=1/8. The spectral function . ) ; : ’ N

A(k,w) confirms the metallic behavior of the orbital chain mtt(ajrsne cortrelaju%rbﬁt(n) fatrﬁ pﬁrf(;:t airegdy beyond the sec-

for this filling, and the excitations ifx) orbitals contribute °"'d N€arest neighbor of the hleig. 1(b)].

with a k-independent maximum only above the Fermi energy

[Fig. 9@)]. In contrast, the spectral functions in the spik :
model [Fig. 9b)] are qualitatively very similar to those g &
found at lower doping by one ho|&ig. 8b)], but with more - v Y%

weight transferred now to the quasiparticle states above the 5 . A A
Fermi energyu at k> /2. The weight of the quasiparticle E b oA el
states foro> u is enhanced, while the incoherent spectral S "R
weight is decreased for these valueskof § —Mz_\: /\""’“

The ground state of the orbital chain is insulating at a PV, .~ S
larger value 0fJ=0.25% [Fig. 3@)]. Therefore, the spectral =t ==
functions consist in this case of several incoherent features 0= == = 0" 2
for eachk value, with the first moment of the spectra follow- (@-p)/t

ing again the single-particle dispersighig. 10. The inco-

herent feature ab= u, originating from excitations within FIG. 10. (Color onling Spectral functionsA(k,w) for an N

[x) orbitals, is partly below the Fermi energy. This part of the=14 orbital chain doped with three holes fdt=0.25. Solid and
spectral weight follows fronjx)-hole excitations which are dashed lines folz) and|x) excitations. Inset, other parameters and
still possible at the filling byN,=9 andN,=2 electrons. peak broadening as in Fig. 2.
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When more holes are added, the orbital order gradually
softens, but a clear tendency towards orbital alternation is F|G. 12. (Color online Spectral functionsA(k, ») for an insu-
observed even for high doping with four holfsig. 11(b)].  |ating N=14 orbital chain forJ/t=0.125 andE,;=0.2%, obtained
Note that a second hole may be added at a fourth or sixth Sit@r increasing dopmg bya) one hole, an(db) three holes. Solid and

away from the first one. This, together with weak hole hop-gashed lines fofz) and|x) excitations. Insets and peak broadening
ping within the three-site clusters, weakens both hole-orbitayre as in Fig. 2.

correlationsP(n) and the orbital ordeR(n) atn=4 and(les9

at n=6. For the present case bNf=14 sites these latter cor-
relations are reduced more for=4 than forn=2. With a
third hole added, we found separated holes in three-site clu
ters, with each hole occupying predominantly the central sit
of its cluster in order to minimize the JT energy. A typical
interhole distance is then four lattice constants, and for thi
reasonP(4) becomes negative, ark(4) is redyced SWONGer pyje is not confined within a polaron but can move coher-
thanR(n) for any othem>0. The fourth hole is added at one oty when it couples to quantum spin fluctuations, which
of |x) orbitals within a longetz)~[x)~[2)=[x)~|2) unit, and  yepair the defects in the spin background generated by a
makes then the first bigger cluster, with two holes and thre‘?noving hole. As a result, a quasiparticle peak emerges close
mobile |z) electrons. Particularly in this regime of parametersiy the Fermi energyFig. 13, indicating a propagation of a

and up to this doping regime, the distribution of holes ispgje dressed by spin excitations, with a dispersieh [note
reminiscent of doping Cugchains in YBaCusOg.x, Where  the units in Eq(12)]. The remaining spectral weight is dis-
holes are doped first in separated Guits, where they are

trapped, generating fragmented units of Gué€hains and
causing jumps and plateaus for the hole counts in the CuO
planes as a function of dopirfg.

The spectral functioné\(k, w), presented for two repre- 430 2
sentative doping levels with one and three holes in Fig. 12,
show that they are remarkably similar in the entire regime of
doping x<0.3. Excitations in|x) orbitals lead to maxima
below and above the Fermi energy, with the spectral weight _
moving gradually to higher energies under increasing dop- | /A
ing. For hole excitations ifz) orbitals one finds three non- 0
dispersive features: the central peak for doping within the
orbital ordered regions, and two side peaks at energies cor-
responding to the excitations of orbital polarons. The spectral F|G. 13. (Color onling Spectral functionsA(k,w) for an N
weight of the latter features increases on the cost of the cer-14 spint-J chain(12) at doping by one hole, as obtained fbit
tral peak when doping increases, and the spectral weight dis-0.125 with a staggered field,=2J. Solid and dashed lines indi-
tribution depends on momentuka At doping increasing up cate hole and electron excitations. The inset shows the density of
to five holes(not shown the spectra are still fairly localized, statesn(w).

and the|x) spectral weight is further reduced far< u.

A remarkable change of the spectral functi@g, w) has
Yieen found for the spittJ model in the presence of a finite
estaggered fieldhy=2J. The field generates a string potential,
and simulates thus a 2-D modélHowever, in this quantum
$nodel, in contrast to the orbital model shown in Fig(a@2a

n(w)

wave number
.
4

(0-p/t
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tributed over incoherent features at lower energy while the H(S) =H;+H;+Hj + Hyr, (20)
low energy quasiparticle band visible in Fig. 8 has vanished,
as well as the incoherence of the band for srkall where the AF interactions of core spi(i8) and the JT field

Moreover, the quasiparticle band has lost a simple tightacting on orbital variableg) are playing the role of external
binding-like dispersion found before b{=0, and instead of fields. The hopping ternH; describes the dynamics &;
crossing the Fermi energy, it has periodicitybecause of electrons which are locally coupled tg, core spins by a
the doubled unit cell and folds back toward lower energiedarge Hund’s exchangd, element, and have their spins par-
after reaching the Fermi energy &=w/2. The peaks allel to them in the ground state. In agreement with double
are sharpest near this point, confirming the quasiparticlexchange mechanisf? the hopping amplitude along each
character of this excitation, but have lower spectral weight abond(i,i+1) is then modified by the spin order to
k=7 than atk=0. The quasipartiple band close to the Fermi
energy leads to a quite distinct peak in the density of states T = U g, (21)

(see the inset of Fig. 33t is separated by a pseudogap from

the electronic excitations ab >, and also by another and vanishes when the spins are antiparallel. This approxi-
pseudogap at-4J below the Fermi energy from the incoher- mation allowed us to establish the existence of magnetic po-
ent part of the spectrum at lower energies. Thus, the presefarons in the 1-D Kondo modét.

case is radically different from the case lnf=0 [see Fig. The superexchange due &g electrons=J generates or-
2(b)], and resembles the spectral functions for a 2-D $gin  bital interactions irH; which follow from virtual charge ex-
mode|29:40 citations, either for MA*-Mn3* or for Mn®*—Mn?** pairs.

Consider first the spin-orbital model of Ref. 20 for an un-
doped LaMnQ. So far, we included the orbital superex-
V. ORBITAL POLARONS AT FINITE TEMPERATURE changeEq. (4) for a situation when high-spig, excitations

A. Effective orbital t-J model dominate, but low-spin excitations would also contribute at

finite temperature. Taking realistic parameters for the Cou-

At increasing temperature the FM spin order assumed Momb interactionU and Hund’s exchangdy, the low-spin
Sec. Il is gradually destroyed and AF spin configurations o 4E and %A. states have the energiés 73 78 and
the bonds occur With finite probability, modifying the form Q.é,ev?yo We keezp the relative importance of vario’us e;<cita—
of botht.and\] terms in Eq(1). Eyen whgn the 9F°“”d State ions and write the terms resulting from various charge exci-
atT=01is FM, superex_change Interactions which orginate, iions to the superexchange, after averaging them over the
from t,4 electron excitations play an important role and con—Spin configuration, as follows:
tribute at finite temperature. These interactions are frequently ’ ’
treated as an effective AF superexchange between core 1 2 . . J
S=3/2spins, bute factothey depend on the total number of H)(G—A)@ -S4+ 6)= §(4Ui,i+1 +1),
d electrons of two interacting Mn iori§.We have verified, A
however, that thé,y superexchange terms derived for these
different configurations are of the same order of magnitude, 1 t2 > = N
so it is acceptable to consider their effect as equivalentto a g (*A,) * 5¢(*E) }@ Su=4 = g(ui,i+1_ D,
Heisenberg interaction with an average exchange constant
J'>0. Therefore, we include in the present 1-D model the 1 2 2 o3
spin interaction, = S .S, —4) ~ (2 .-

o 16|:8(4E) +8(4A2):|<S S+1 4> 20(u|,|+1 1)
Hy =32 (S Su-9). (18) (22)
I

I . In a doped system one finds only AF superexchange terms
The superexchange duedgelectron excitations contains ¢ n\1n3+_ pind+ bonds [while FM ones are explicitly in-

spin scalar products multiplied by orbital interactions on thecIuded as double exchande in the orbital m which
bonds, and the full many-body problem would require treat- 9 aaey,

ina th led spi d orbital d ics H d Icontribute only if ang, electron at site M# occupies a
Ing the coupled spin and orbital dynamics. Hereé We decouplQj e ctional orbital along the considered bond direction, in our
spins and orbitals in the mean-field approximation, and stud

¥ase a #-r2 orbital, and can hop to its M neighbor.

the orbital correlations and their consequences for the magfaking the excitation energy to the low-spin configuration

netic order by replacing the scalar products of spin operatorg(gE) ~3 eV one finds
on each bond by their average valdés,

2

N 1 t2 . .
(S S =Fu7, - 1), (19 g@@ 'Si == D). (23

whereu; ;,1=cog 6 ;,1/2)€Xii+1, and directions of two classi- Using the coefficients given in Eq$22) and (23), one

cal spins at sitesandi + 1 differ by angleg, ;.,. The complex  arrives at the effective orbitatJ model(20), with

phasey;;,; does not have any effect on the present 1-D

mode|_]:0 - _ _ Hi=- ZTi,i+1(E:;Ei+1,z +AéiT+l,inz)y (24)
We investigate theffective orbital {J mode] [

184430-10
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1 5 _ 1 fixed distribution of|x) electrons along the chain. There are,
H,= EJZ (241 +3)| 2TiTiy = Sl of course, many such blocks, but their subsequent diagonal-
: ization is still much faster than the diagonalization of the

9 P 5 complete matrix. For the extreme case of the completely

- R)JE (1= Ui, = 92 (1= W) filled chain, each block has dimension one, meaning that the
' ' Hamiltonian is already diagonal and no matrix-vector multi-

X[Mi(1 =Nipq) + (L =My . (25 plication has to be performed. Furthermore, degenerate ei-

) ] . genvalues can be resolved, if they are in different blocks.

The hopping(H,) and the interactioriH;) terms depend on For the MCMC updatesw(S) was calculated from the
the actual spin configuration which fixes the bond variableggyest few eigenenergies efachblock for anN=12 chain,
{Ui i1} [see Eq(19)]. Inthe FM state aT=0 allu; ;.1 =1, the  yntj| a new Lanczos step did no longer modify the contribu-
AF terms vanish, and one recovers the formHyfandH;  tion from this block. Observables were only calculated from
used in Sec. II. the lowest 14 eigenstates of thehole space. In order to

Itis a crucial feature of the effective orbital model given monitor this approximation, the Boltzmann factor of these
by Eq. (20) that spin interactions are influenced by orbital states was measured. The weight of the highest included state
correlations along the chain, and the latter can support eithgas approximately 1.5 percent for the worst cafitted
FM (for alternatingx/z orbitaly or AF (for polarizedz or- chain, At=20, J'=0.02, E;;=0), 0.3-0.5 percent foBt=50
bitals) spin order. AtT=0 one can find on optimal state by and the filled chain and negligible fg@=100 or finite dop-
minimizing the total (interna) energy of the systemE  jng. This means that for those observables, which are calcu-
=(H(S)), over the spin and orbital configurations. In fact, at|ated from the eigenstates of the Hamiltonian, at most a few
T=0 two solutions are possible, depending on the parametefsercent of the total weight were missed. For the MCMC
in Eq. (20). Let us consider first a purely electronic model updates and for observables which do not need the eigenvec-
with E;r=0 at half filling (we will show below that the situ- tors (core spin correlation and total number |&f/|2) elec-
ation is similar atE;r>0, but the region of stability of the trons, the error was even smaller.
FM states is extendedIf J'=0, the FM order is stable and ~ The core spins were rotated for whole sections of the
coexists with alternating orbital order. This situation was dis-chain at once. Because acceptance for core spin updates was
cussed in detail in Sec. Ill. However, a relatively small valuenigh, we performed two or three such rotations before testing
of J’=0.012§ is sufficient to compensate the energy differ- acceptance. Every spin was therefore rotated several times
ence between this state and an AF state with occufled per sweep. The numbebs, and N, of |x) and|z) electrons
orbitals, and (at T=0) one finds the latter state for remained fixed for the evaluation o¥(S), and every five
J’'>0.0125. It is interesting to investigate a competition be- updates we proposed to incredsecreaseN, and decrease
tween these magnetic states at finite temperature when trqmcreasg; N,, respectively, thereby samplig, andN,. The
chain is doped. total number of electrondl, was kept fixed. Between mea-

We investigated the spin and orbital correlations for thesurements, 40 to 100 lattice swegpgpending on tempera-
effective orbitalt-J model(20) at finite temperatures by em-  ture) were done in order to decorrelate the samples. We then
ploying a combination of a Markov chain Monte Carlo employed autocorrelation analysis and found the samples
(MCMC) algorithm for the core spins, with Lanczos diago-to be uncorrelated. To reduce the statistical errors, 200

nalization for the many-body problem posed by the orbitaluncorrelated samples were obtained for each set of parameter
chain of N=12 sites with periodic boundary conditions, at yalyes.

each given distribution of classical variablés . } for i
=1,...,12, which stands for a particular spin configuration.

The partition function to then be evaluated is B. Orbital order versus spin order

In addition to the correlation functions studied in Sec. I,
spin correlations(szqz> are now investigated by evaluating

= ~BH(S)
z j DISITre ' (26) the spin structure factor,

where8=1/kgT (we adopt the units witkg=1), and [D[S]
denotes the integral over tiNedimensional space of all core
spin configurations for the chain of length The core spins

S={S} determine the site-dependent hopping parameter hich depends on the 1-D momentumand foliows from
{uij+1} and thus the fermionic Hamiltonial (S) is fixed. 9r'1t§ Carlo simulations oiN=12 cha'lns. Th.e avc?rages
The trace over the fermionic degrees of freedom (S §)} are calculated from the spin configuratiods
Tro e #1S)=:w(S), gives the statistical weight fof and is  ={S} determined by the MCMC updates féu; ;} — these
sampled by the MCMC. For independent electrons it carguantities are related to each other as in @§).
easily be evaluatet® for interacting electrons one has to use  The interplay between spin and orbital correlations be-
a Lanczos algorithrt but asw(S) is strictly positive, one  comes transparent by varying the core spin AF superex-
still has no sign problem. Since the position of tieelec- changel’ (18) due tot,, electrons. We investigated spin and
trons is conserved, the Hamiltonia(?0) has a block- orbital order for two characteristic values of temperature:
diagonal structure, with each block corresponding to ong8t=100 andpt=50, corresponding t@ ~60 and~120 K

1« . -
Sk) = @2 elk(Ri_Rj)<S : %>' (27)
ij
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FIG. 14. Orbital correlation§T/Tf,;) (7) at half filling, as ob-
tained at low(Bt=100, open circles and at intermediatéBt=50,
filled circley temperature foN=12 site orbital chain20), with J FIG. 15. (Color onling Spin structure facto®(k) as obtained for
=0.125, and (a) J'=E;1=0, (b) J’=0.02, E;=0, and (c) J’ a half-filledN=12 orbital chain20), and for increasing hole doping
=0.02, E;;=0.258. Statistical errors are smaller than the symbol up to five holes{(a) at low temperaturgg=100, and(b) at interme-
sizes. diate temperaturg3=50 (in units of t™). Statistical errors are

] . - _ smaller than the symbol sizes. Parametdrs0.125, J'=0, E;r
for t~0.5 eV, i.e., well below the magnetic transition. First =q.

we consider the case df =0 which reproduces the ground
state analyzed in Secs. Il and Ill. While the orbital alterna-this low doping, and the electron density [z} orbitals is

tion, measured bif(n) correlation function(7), is perfect at enhanced close to the hole itself.

T=0, it softens somewhat when temperature increases, but is When temperature increases, it becomes clear that the or-
still robust at temperatur@t=50, as shown in Fig. 14). bital |x)/|2) alternation, supporting the FM spin interactions,
Orbital alternation supports the FM spin order at half filling, competes at half filling with the above uniformly polarized
which gives a distinct maximum &t=0 of the spin structure chain with occupied|z) orbitals, supporting the AF spin
factor S(k) (see Fig. 1% In the weak doping regime with one order. A clear tendency towards orbital alternation is detected
or two holes added, the spin correlatiofis.S,,S.n.1), are by a negative nearest-neighbor orbital correlation
driven by superexchange and are FM at any distantem  T(1)=-0.10[Fig. 14b)] at higher temperaturgst=50). Al-

the hole, and only weakly depend on These correlations
increase by a factor close to two when the doping changes
from two to three holes. This explains why the maximum of
S(k) at k=0 remains almost unchanged in the low doping Vi
regime by one or two holes, but is next strongly enhanced
when doping increases to three holes. Precisely at this con- 5
centration electrons redistribute within the chain and occupy v
practically only |2) orbitals, giving a metallic state. This
demonstrates that double exchange plays a primary role in

0.8

* (a)

04 v B=100

S(k)

the observed insulator-metal transition and significantly en- 0 M 226 36 4k The 1

hances the stability of the FM order in the metallic phase. 08 ' " [-® Oholes
At J'=0.02 the orbital correlations found in the half- © % 2hoes

filled chain are markedly differerFig. 14b)]. At low tem- oo V- 3holee

perature(8t=100 they indicate that primarilybut not only - X pso

|2) orbitals are occupied, while rjg) electrons were found in 5 0%,

the ground state &t=0. This orbital state is induced by finite vx

J', and supports the AF spin interactions duejexcitations e N e

which select then low-spin states in thgexcitations along 3883 2988 229885

|2)—|2) bonds. When a single hole is doped, the spin corre- % 6 26 a8 46 56 1

lations remain still AF at low temperatuf&ig. 16a)], ex-
cept for the spin-spin correlation between the site occupied
by the hole and its nearest neighbor, giving rise to a small FIG. 16. (Color onling Spin structure facto8(k) for an N=12
FM polaron. Therefore, the value 8f0) increases already at orbital chain(20) as in Fig. 15, but fod’ =0.02.

kit
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TABLE |. The total number of electrons in itinerant orbitég (top pary and in localized orbital®, (bottom part for different doping
level x and for increasing temperatugt, as obtained in the Monte-Carlo simulations forfn 12 orbital chainEqg. (20)] (statistical errors
are also given Parametersi=0.125, J'=0.02, E;=0.

N,
Bt x=0 x=1/12 x=1/6 x=1/4
100 9.97+0.09 9.80+0.06 9.64+0.04 9.0£0.0
50 7.85+0.07 8.51+0.06 8.81+0.04 8.98+0.01
30 7.47+0.07 8.05+0.06 8.53+0.05 8.88+0.03
20 7.34+0.07 7.85+£0.06 8.18+0.06 8.55+0.04
Ny
Bt x=0 x=1/12 x=1/6 x=1/4
100 2.03+0.09 1.20+0.06 0.36+0.04 0.0£0.0
50 4.15+0.07 2.49+0.06 1.19+0.04 0.02+0.01
30 4.53+0.07 2.95+0.06 1.47+0.05 0.12+0.03
20 4.66+0.07 3.15+0.06 1.82+0.06 0.45+0.04

though the value ofS(w) is still larger thanS(0) at half  metallic chains, except at rather high temperatgte 20.
filling, both (weak maxima, corresponding to FM and AF Increasing electron density ifx) orbitals with increasing
order, become almost equal already for doping with one holéemperature may be seen as a precursor effect for the metal-
[Fig. 16b)]. This case is qualitatively similar to a chain insulator transition al in the intermediate doping regime.
doped by two holes gBt=100 [Fig. 1§a)], where also two
(strongey maxima ofS(k) indicate coexisti_ng islands of FM C. Polaronic features at finite doping
and AF spin correlations along the chain. Thus, we found ) )
that the AF correlations are gradually changed into FM ones 1 he spectral functiona(k, ») obtained for the FM phase
with increasing temperature. This trend follows from the dif- @t half filling for J’=0 (not shown are similar to those dis-
ference in the energy scales—when the thermal magnetigussed in Sec. Il D. Apart from some broadening due to
excitations destroy the energy gains dueJtand J', the f|_n|t_e T, the one-hole ex_cﬂapons are again fairly Io_callzed,
kinetic energy=t is a dominating energy which can be opti- Similar to those shown in Fig. 2. In the doped regime one
mized by selectingz) occupied orbitals and FM spin corre- fmd_s first the _Iocahz_eq spectra at low doping, S|m|]ar to those
lations. of Fig. 8@), with a distinct pseudogap at the Fermi energy

At doping by three holes the spin correlations are FM,AS found before aff=0, doping by three holes suffices for
both at low (8t=100 and at higher temperaturggt=50),  the crossover to the metallic phase, with somewhat broad-
showing that the double exchange enhances the effective FRN€d peaks ii(k, »), following the one-particle dispersion
interactions and changes the characteristic temperature @t€ to the hopping withifiz) orbitals, like in Fig. 9a).
which the spin correlations weaken—thus the Curie tempera- [N contrast, the spectral properties obtained for the AF
ture T¢ would increase in a 3-D case. This agrees with the?hase found at half filling witd’=0.02 are quite different
experimental observations—indeed, the Curie temperaturdig- 17. First of all, there are predominantlg) electrons at
increases with hole dopingin the metallic regimé#4® low temperaturest=>50, and still moreso g6t=100, so the

Although atT=0 one finds indeed the AF ground state
with N,=12 for a half-filledN=12 chain, many excited states
with a few |x) orbitals occupied are found at low energy and
contribute already aBt=100. As a result, electrons are re-
distributed overe, orbitals by thermal excitations, and the
orbital polarization atBt=100 is far from complete, with
N,=10 andN,=2 (Table ). When temperature increases
further to 8t=50 (Bt=20), orbital disorder increases and one
finds N,=7.8 andN,=4.2 (N,=7.3 and N,=4.7). This
demonstrates that the balance between FM and AF terms
realized at half filling is rather subtle—increasing tempera-
ture favors more disorder in the chain which destroys a uni-
form AF phase, supported by charge excitations al{mg
‘|Z> bonds. FIG. 17. (Color onling Spectral functionsA(k,w) for a half-

The population of localizedx) states in the chain de- filled N=12 orbital chain(20) at temperaturegst=100. Solid and
creases quite fast with doping, particularly in the regime ofdashed lines fofz) and|x) excitations. The inset shows the density
Bt<100. At x=1/4 onefinds almost ngx) defects in the of statesn(w). Parametersi=0.12%, J' =0.02, E;;=0.

n(w)

wave number

o/t
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spectral weight of the localizelet) hole excitations, found at
energiesw~-1.3 and ~t [Fig. 14b)], appears to be very 3 @)
low. The |z) excitations have an insulating character and are -
incoherent. They are given by a superposition of two fea- 4 3 0 /L
tures, namely a dispersionless peak at the hole binding en-
ergy w~—2J and a weakly dispersive band with bandwidth
~0.8. The first feature stems from the fei@) electrons
which are surrounded b)) electrons and is similar to that
discussed in Sec. Ill B. The second feature comes from elec-
trons moving within thez) polarized parts, with the strongly
renormalized hopping<t;j.; (21) for aligned |2) orbitals
along an almost perfect AF bond. If the AF order were per-
fect, the bandwidth would vanish, because no hopping would 3 - (b)
then be possible. Both the dispersive and the dispersionless = .

R B B B e

§ —___/——-ﬁ/L
[]

>

g

structures are broadened owing to thermal fluctuations of the 5 rerars

core spins. The superposition of these two bands yields a 2 .
single peak with large intensity fde=0, because the band- 2 DAY
width is approximately~0.5=4J and therefore the both S AR
bands coincide at this point. For the same reason, the spectral = AN R
weight atk=7 consists of two almost symmetric maxima. 2\ N
This interpretation is corroborated by the results fib=50 0 s
(not shown, where(i) the dispersionless feature has a higher -4 3 -2 - 0 1
weight, because the population |af orbitals increases with (0-p)/t

increasing temperatuggee Table), and(ii) the structures in _ ) _
A(k,w) are still more broadened because of the larger ther- FIG. 18. (Color onling Spectral functionsA(k,») as obtained
mal fluctuations. for anN=12 orbital chain20) at temperaturgst=100 doped bya)
The spectrum changes rapidly when doping increases. Ao holes and(p) tljree holes. Solid and dashed lines, inset and
doping ofx=1/12 (one hole in arN=12 chain a polaronic ~ Parameters as in Fig. 17.
peak is found above:, while below u the spectrum sepa-
rates into a broad incoherent part at intermediate energie
and a low-energy peak with large intensity for low values of
k=0 andk=/6, being a symmetric image of the polaronic
peak(not shown. As N, decreasegTable |), the|x) intensity

ointed out beforé? not only the superexchange, but also
gurely orbital interactions which follow from the JT effect,
are of importance for the observed magn&ié&\F order in
LaMnO;. Now we will show that also in the present 1-D

below u drops in doped chains. At doping=1/6, |x) elec- model the JT effect may modify the magnetic order. This is

trons were found only in some samples at low temperatur@‘r:‘rticu.Iarly transparent by _conside_ring a unif_or_mly p_olarized
ﬂnsulatlng state with occupigd) orbitals, coexisting with an

suffice to make the system insulating, but AF correlations ar F order, and stablllze.d by weak sgpere_xchadgeo.oz

still strong here(Fig. 16 and generate a well-formed po- _F'g' 16. If an alternatlng_ JT pqtenual, given by E),
laronic peak in the density of states for the electronic exci{ncreases, the AF order is easily destabilized—already at
tations(with w> u), separated by a pseudogap from the in-Esr=0.2% we found an almost perfect orbital staggering in
coherent spectrum due {p) hole excitationgFig. 18a)]. In  the broad temperature regime at half filligig. 14c)],

this case thelocalized |x) excitations are predominantly which induces instead the FM spin order, visible as a broad
electronic, leading to a distinct nondispersive peak ahove maximum inS(k) centered ak=0 (Fig. 19. However, this
Except for these latter excitations, the situation is here verynaximum is less pronounced and other correlatiGie
similar to that found in the one-orbital modélwhere FM  with k>0 are also present, unlike fa¥ =E;;=0, showing
polarons, generated by doping, were embedded into an Athat the FM order induced by the JT potential is definitely
background. much weaker.

For the present parameters, dopingl/4 (by three Even for moderate JT potentidt;7=0.258, increasing
holeg gives an almost perfect metallic chajaccupied|z)  doping does not change the spectral properties qualitatively,
orbitaly at low temperaturgst=100, and thgz) excitations and they remain dominated by localized excitations. For dop-
are then cohererffFig. 18b)]. One finds seven excitations ing with one hole(not shown, two localized|x) excitations
obtained for different momenta which sum up to five distinctare accompanied by three localizg excitations: the cen-
structures in the density of stateGv)—the two side features tral peak corresponding to a localized hole between [0
consist of two peaks each, representing joined intensities foglectrons, and two satellite structures, a hole excitation at
k=0, #/6 and fork=5#/6, m, respectively. An apparent energyw—u~-2t (with large intensity for lowk values,
pseudogap ab=pu is a finite size effect and would disappear and an electron excitation at energy w ~ 0.5, mainly con-
at large system sizes. tributing for largek values. These structures are similar to
those found before at=0 [Fig. 12a)], but they are now
broadened by thermal spin fluctuations. When doping in-

We have shown above that the orbital and magnetic ordetreases, the intensity dk) hole excitations decreases and
are interrelated and influence each other. Therefore, asmoves to the Fermi energw=pu, while a satellite peak

D. Jahn-Teller effect at finite temperature
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S(k)

S(k)

FIG. 19. (Color onling Spin structure facto§k) as in Fig. 15,
but for up to four holes. Parameterd=0.125, J'=0.02, E;r

=0.25.

grows for electron excitationG > w), as shown for doping
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A similar trend was indeed observed for the values of the
Curie temperaturd@c,*® and one expects that also spin stiff-
ness should be reduced by the JT coupling in CMR
manganites’

The transition to the metallic phase is damped by the JT
distortions, and although the FM correlations increase sig-
nificantly at dopingx=1/3 (Fig. 19, the chain remains in-
sulating. Only for as high doping as=5/12, the|x) elec-
trons are practically eliminated in the considered temperature
rangeBt=50, and a metallic behavior takes over. This me-
tallic state gives almost free dispersion [@ states in
A(k, ), while |x) (electron excitations are again localized

[Fig. 2Qb)].

V. SUMMARY AND CONCLUSIONS

In the present study we clarify that orbital degrees of free-
dom are of crucial importance for the understanding of mag-
netic correlations in CMR manganites. First of all, for the
realistic parameters of manganites the FM and AF state are
nearly degenerate at half filling. In both cases the decisive
term stabilizing the magnetic order originates from e
superexchange. Although the ground stat&=a0 would be
FM in the absence of the AF superexchange between core
spins, it is easy to flip the balance of magn&tad orbita)

x=1/4 inFig. 2Qa). At this doping the FM correlations are interactions and stabilize instead the AF order in a purely
enhanced by a factor 1.5 with respect to the undoped case, electronic model. Here we adopted the AF interactin
but are still much weaker than those found before at the samep. 02 between core spins in order to stabilize the AF spin
doping forE;r=0 (Fig. 16), where the FM phase was metal- order in an undoped chaithe true value of)’ =0.004 in

lic. This demonstrates that the intersite magnetic correlationsaMnO,, estimated from the value of the Néel temperature
and the energy responsible for them are weaker in insulatingf CaMn0;, is smaller by a factor close to fi¥®, and to

FM manganites than in the metallic ones at the same dopinglemonstrate a gradual crossover from an AF insulator to a

wave number

wave number

) X (@
< Gl
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FIG. 20. (Color onling Spectral functionsA(k,w) for an N
=12 orbital chain(20), as obtained at temperatugt=100 for (a)
three holes an¢b) five holes. Solid/dashed lines and inset are as inshowed that indeed two mechanisms are responsible for fer-
Fig. 17. Parameterst=0.128, J'=0.02, E;7=0.25.

FM metal under increasing doping. In this regime of param-
eters the present 1-D chain stands for the AF order along the
¢ axis in theA-AF phase realized in LaMnO

We have shown thatven in the 1-D modeéhe magnetic
interactions are internally frustrated, with competing FM and
AF terms in the superexchange. A delicate balance between
these terms is easily disturbed by the JT potential originating
from the lattice. This allows one to investigate within the
same framework both types of magnetic order which coexist
in the A-AF phase of undoped manganites. On one hand, if
the oxygen distortion have almost no influence, or if a uni-
form polarization in|z) orbitals would be induced by them,
the AF spin order, found along theaxis in theA-AF phase
of LaMnQO;3, would be supported. On the other hand, if the
oxygen distortions are alternating, they induce alternating or-
bital order, as it happens i@, b) planes of LaMn@, and the
FM terms are selected from the superexchange. Note,
however, that the FM correlations are weakly reduced from
their values found in the absence of the JT interati@Hs
=0 andE;=0), demonstrating that the FM interactions do
not dependexplicitly on the JT terms, but are only induced
by a given type of orbital order. In this way the JT coupling
to the lattice helps to remove the frustration of magnetic
interactions in CMR manganites.

The evolution of spin correlations for increasing doping

romagnetism: when the weakly doped 1-D chain is insulat-
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ing, the FM interactions are induced both by theperex- could be insulating due to immobile orbital polarons, which
changeterms following from the high-spin excited states, allow us to understand why this phase could be FM and
and by the local double exchange within polaronic statesnsulating at the same time. Such polarons are expected to
around single holes trapped in the insulating phase. Thplay an essential role in the insulator-metal transition within
double exchangmteraction is much stronger than the super-the FM phase in manganites.
exchange, and it fully takes over and operates in the metallic We believe that many qualitative features found in the
phase at higher doping. The difference between these twpresent 1-D study are generic for the interplay between or-
mechanisms is reflected by a fast increase of FM correlationsital and magnetic order in CMR manganites. Work is in
at the insulator-metal transition which was investigated bottprogress on higher dimensional systems. Among others, an
within a purely electronic model, and including the JT po-interesting question is to what extent the orbital order is
tential induced by the lattice. modified when twae, orbitals start to fluctuate more strongly

It is quite remarkable thadrbital polaronsfound in the in either 2-D or 3-D systems, both due to quantum effects
present model with orbital degeneracy in the regime of AFand due to increasing doping.
spin correlations resemble FM polarons which occur in the
K_ondo modekl! This provides some support to a sir_nplified ACKNOWLEDGMENTS
picture of a nondegenerate conduction band which is able to
capture the essential physics when the orbitals are polarized, We thank E. Arrigoni and A. Prill for valuable discus-
and the orbital degrees of freedom are quenched and do neions. This work has been supported by the Austrian Science
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