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The 2-orbital Kondo model with classical Jahn-Teller phonons is studied using Monte C
techniques. The observed phase diagram is rich and includes a novel regime of phase sep
induced by the orbital degrees of freedom. Experimental consequences of our results are dis
In addition, the optical conductivityssvd of the model is presented. It is shown to have seve
similarities with experimental measurements for manganites. [S0031-9007(98)08000-4]

PACS numbers: 71.10.–w, 75.10.–b, 75.30.Kz
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Doped manganites are currently under much investi
tion due to the dramatic decrease in their resistivity wh
the spins order ferromagnetically by lowering the tem
peratureT or applying a magnetic field [1]. This effect i
caused by a metal-insulator transition associated with
magnetic ordering. The ferromagnetic (FM) phase is u
derstood based on the double-exchange (DE) mechan
[2]. However, experiments on manganites have revea
a complex phase diagram that is certainly beyond the
ideas and a more refined approach is needed to unders
these compounds [3].

Since the 1950s the 1-orbital FM Kondo model f
manganites has been widely studied. However, it is o
recently that its computational analysis started, and s
prises have already been observed [4–6]. In particu
the transition from the undoped spin-antiferromagne
(AFM) regime to the spin-FM regime at finite hole densi
occurs through phase separation (PS), instead of thro
a canted state as believed before. A growing body of
perimental results indeed indicates the existence of PS
manganites [7,8], in agreement with the theoretical cal
lations. PS tendencies above the FM critical temperat
TFM

c could be important to explain the colossal magne
resistance of doped manganites.

However, in spite of its rich phase diagram the 1-orbi
Kondo model is incomplete. For instance, dynamic
Jahn-Teller (JT) distortions are also important [9], and
description of orbital order [10] obviously needs at lea
two orbitals. Such a multiorbital model with JT phonon
is nontrivial [11], and the previous experience with th
1-orbital case suggests that a computational anal
beyond crude mean-field approximations is crucial
understand its properties.

It is precisely the purpose of this paper to report the fi
computational study of a 2-orbital model for manganit
including JT phonons. The results show a rich pha
diagram including a novel regime of PS induced by t
orbital, rather than the spin, degrees of freedom (d.o
The Hamiltonian used here has three contributionsHKJT ­
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HK 1 HJT 1 HAFM. The first term is

HK ­ 2
X

kijlsab

tabscy
iascjbs 1 H.c.d

2 JH

X
iaab

Si ? c
y
iaasabciab , (1)

wherekijl denotes nearest-neighbor lattice sites,JH . 0
is the Hund coupling,a, b ­ 1, 2 are the twoeg orbitals,
the t2g spins Si are assumed to be classical [12] (w
jSij ­ 1), and the rest of the notation is standard. No
of the results described below depends crucially on the
htabj selected [13]. Throughout the paper the energy u
are chosen such thatt11 ­ 1 in thex direction. In addition,
sinceJH is large in the real manganites, here it will be fix
to be eight unless otherwise stated. Finally, theeg density
knl is adjusted using a chemical potentialm.

The coupling with JT phonons is through [9]

HJT ­ l
X

iabs

c
y
iasQab

i cibs 1
1
2

X
i

sQs2d2

i 1 Q
s3d2

i d ,

(2)

where Q11
i ­ 2Q22

i ­ Q
s3d
i , and Q12

i ­ Q21
i ­ Q

s2d
i .

These phonons are assumed to be classical. This
proximation has been discussed in Ref. [9], where it w
concluded that at temperatures of the order of the crit
ones (room temperature), or a sizable fraction of th
the use of classical phonons is acceptable [14]. At v
low temperatures the quantum character of phonons is
portant, but this is not the range of temperatures explo
here. Note thatT ­ 1y10 is about 200–300 K [4].
Finally, a small coupling between thet2g spins is needed
to account for the AFM character of, e.g., CaMnO3. This
Heisenberg term isHAFM ­ J 0

P
kijl Si ? Sj, whereJ 0 is

fixed to 0.05 throughout the paper, a value compat
with experiments [15]. To studyHKJT a Monte Carlo
(MC) technique was used. The trace over theeg electrons
is carried out exactly using library subroutines for a fix
background oft2g spins and phonons. This backgrou
is selected based on a Metropolis MC procedure
© 1998 The American Physical Society
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The CPU time of the technique grows rapidly with t
number of sitesL, but the method has the important a
vantage that it does not have sign problems at anyT [4].
Finally, to analyze orbital correlations the pseudos
operator Ti ­ 1

2

P
sab c

y
iassabcibs is used, while for

spin correlations the operator is standard. The Fou
transform of the pseudospin correlations is defined
T sqd ­ 1

L

P
l,m eiq?sl2mdkTm ? Tll, with a similar defini-

tion for the spin structure factorSsqd.
Consider first the limitknl ­ 1.0 (undoped mangan

ites). Figure 1a showsT sqd and Ssqd at representative
momenta vsl. For smalll a largeSs0d indicates a ten
dency to spin-FM order (as in the qualitatively simi
1-orbital problem atknl ­ 0.5 [4]). The small values o
T sqd imply that in this regime the orbitals remain diso
dered. When the coupling reacheslc1 , 1.0, the rapid
increase ofT spd now suggests that the ground state
a staggered(or “antiferro”) orbital pattern, with the spin
remaining FM sinceSs0d is large [16]. The existence o
this phase was discussed before using multiorbital H
bard models [17]. Our results show that it can also
induced by JT phonons. As the coupling increases
ther, another transition atlc2 , 2.0 occurs to a spin-AFM
orbital-FM state [Sspd andT s0d are large]. In this region
a 1-orbital approximation is suitable. Studying the s
and orbital correlations in real space leads to the s
conclusions as discussed here.

The three regimes of Fig. 1a can be understood in
limit where l and JH are the largest scales, and us
t12 ­ t21 ­ 0, t11 ­ t22 ­ t for simplicity. For parallel
spins with orbitals split in a staggered (uniform) patte
the energy per site at lowest order int is ,2t2yD

s,0d, where D is the orbital splitting. For antiparalle
spins with uniform (staggered) orbital splitting, the ene

FIG. 1. (a) T sqd and Ssqd vs l, working at knl ­ 1.0, T ­
1y75, JH ­ 8, J 0 ­ 0.05, and in 1D with ten sites. htabj
correspond to setT1 (see [13]); (b) same as (a) but for a42

cluster,T ­ 1y50, and hoppingT3 sT4d in the y sxd direction.
q ­ 0 fpg denotess0, 0d fsp, pdg; (c) same as (a) but for
43 cluster,T ­ 1y50, the 3D hopping amplitudes of Ref. [13
andJH ­ `. q ­ 0 fpg denotess0, 0, 0d fsp, p, pdg.
r
s

s

-

-

e

e
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is ,2t2y2JH f,2t2ys2JH 1 Ddg. Then, whenD ,

2JH (“intermediate” l’s), a spin-FM orbital-AFM order
dominates, while asl grows further a transition to a spin
AFM orbital-FM ground state is expected. This reasoni
is dimension independent, as the results for a 2D clu
in Fig. 1b show. In 3D (Fig. 1c) andJH ­ ` at least two
of the regimes of Fig. 1a and 1b have been identified.
was also observed that the behavior in Fig. 1a and 1b d
not change when other setshtabj are used [13].

The next issue to be explored is the transport proper
at knl ­ 1. The algorithm used here allows us to calcula
real-time dynamical responses accurately, including t
optical conductivityssv . 0d [5]. From the sum rule,eg

kinetic energy, and the integral ofssv . 0d, thev ­ 0
Drude weightDW can be obtained. In Fig. 2a,DW is
shown for several sizes.DW vanishes atlc1 signaling
a metal-insulatortransition (MIT). Here the insulating
phase is spin FM and orbital AFM, while the metall
one is spin FM and orbital disordered [18]. The dens
of states (DOS) forl . lc1 was also calculated and i
presents a clear gap at the Fermi level. Although fini
size studies forD . 1 are difficult, the qualitative shape
of DW vs l on 42 and 43 clusters was found to be th
same as in 1D and, thus, it is likely that the MIT exis
also inD ­ 2 and 3.

Consider now the influence of hole doping on th
knl ­ 1.0 phase diagram. The first issue to be addres
is the stability of other densities asm is varied. Figure 2b
shows knl vs m in the intermediate-l regime. It is
remarkable thattwo regions of unstable densities exi
below some critical temperatureTPS

c (roughly,1y20; see

FIG. 2. (a) DW vs l for several chainssT ­ 1y75d; (b) knl
vs m at l ­ 1.5, L ­ 10, andT ­ 1y40 (solid circles). The
solid line is obtained from the Maxwell’s construction. Th
triangles are results also atl ­ 1.5 and T ­ 1y40, but using
14 sites and only2 3 104 MC sweeps to show the appearan
of hysteresisloops as in a first-order transition. The ins
shows theT dependence of the results atL ­ 10; (c) DEsnd
(see text) vsknl showing a negative curvature characteris
of PS. Results at large (open circles) and small (full squar
densities are shown on aL ­ 14 cluster with periodic boundary
conditions and the couplings of (b).
5613
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inset, Fig. 2b). Similar conclusions were reached us
the Maxwell’s construction [5]. Over106 MC sweeps at
eachm were needed for convergence near the unst
regions. These instabilities signal the existence of
in the HKJT model. At low density there is separatio
between an (i) emptyeg-electron band with AFM-ordere
t2g spins and a (ii) metallic spin-FM orbital-FM phas
In the unstable region nearknl ­ 1.0 PS is between the
phase (ii) mentioned above and (iii) the insulating s
FM and orbital-AFM phase described in Fig. 1a [1
The driving force for this regime of PS is the orbit
d.o.f., since the spins are uniformly ordered in both pha
involved. In addition, note that these phases are
compatible withA-type AFM order (future work in 3D
will address this issue). Studyingknl vs m, for l , lc1
only PS at small densities is observed, while forl . lc2
the PS close toknl ­ 1 involves a spin-AFM orbital-FM
phase [4].

To confirm that the discontinuity inknl vs m corre-
sponds to phase separation, in Fig. 2c the ground s
energy is provided at several densities. The results
deed have thenegativecurvature characteristic of PS, bo
at large and small densities. To accommodate these
important density regimes in the same plot, the ener
in Fig. 2c are defined asDEsnd ­ Esnd 2 E0snd, where
Esnd is the actual ground state energy obtained as
plained in Ref. [5], andE0snd is a straight line (zero cur
vature) that joins the energies of the two (stable) extre
densities of both the low- and high-density regimes. F
ther confirmation of the PS tendencies was obtained f
the MC time evolution ofn, asm is varied.

Results in the limitJH ­ ` using aL ­ 22 site cluster
are in Fig. 3a. Once again, a discontinuity inknl vs m

was found at large and small densities, correlated wi
negative curvature in the energy (not shown). Figure
helps in clarifying that the plateaus at densities, e
between 0.3 and 0.5 in Fig. 2b are caused by the intri
discreteness of the clusters used here. AsL grows,
this fine structure disappears. See, e.g., the smoo
varying density betweenknl , 0.25 and,0.55 in Fig. 3a.
However, the discontinuities at large and smallknl remain
strong, as they should if there is PS. Similar results
found in 1D appear also in 2D systems (Fig. 3b).

Then, based on the information discussed thus
supplemented by other MC measurements, the ph
diagram of the 1DHKJT model is given in Fig. 3c
The metallic spin-FM region contains two regimes: o
ferro-orbital ordered and the other orbitally disorder
as deduced from the behavior of pseudospin correlati
the mean value of the pseudospin operators, and
probability of double occupancy of the same site w
different orbitals. The results are similar for severalhtabj
sets [13]. Our simulations suggest that the qualita
shape of Fig. 3c should be valid also inD ­ 2 and 3. In
addition, at largel the probability of double occupanc
of the same site was found to be very small, mimick
the effects of a large Coulomb interaction.
5614
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FIG. 3. (a) knl vs m in the limit JH ­ `, using l ­ 1.5,
J 0 ­ 0.05, T ­ 1y30, and a 22-site chain; (b)knl vs m at
l ­ 1.2 using a 42 cluster and atT ­ 1y50. The two sets
of points that produce the hysteresis loops are obtained
increasing and decreasingm using ,104 sweeps at eachm;
(c) phase diagram ofHKJT at JH ­ 8.0, J 0 ­ 0.05, and using
set T1 for htabj. S-F and S-AF denote regimes with FM- an
AFM-spin order, respectively. O-D, O-F, and O-AF represe
states with disordered, uniform, and staggered orbital ord
respectively. PS means phase separation.

Consider nowssvd. Experimental studies reporte
a broad peak atv , 1 eV (for hole dopingx . 0.2
and T . TFM

c ) [20,21]. At room T there is negligible
weight nearv ­ 0, but asT is reduced the 1 eV peak
shifts to smaller energies, gradually transforming into
Drude response well belowTFM

c . The finite-v peak can
be identified even inside the FM phase. The coher
spectral weight is only a small fraction of the total.

In Fig. 4a,ssvd for theHKJT model is shown atknl ­
0.7 and several temperatures near the unstable PS re
of Fig. 3c (weight due toJH split bands is not shown
but it appears at a higher energy). Here the FM s
correlation length grows rapidly with the lattice size fo
Tp # 0.05t, which can be considered as the “critica
temperature. Both at high and intermediateT a broad peak
is observed atv , 1, smoothly evolving to lower energie
as T decreases. The peak can be identified belowTp

as in experiments [20,21]. Eventually as the temperat
is further reduced,ssvd is dominated by a Drude peak
The T dependence shown in Fig. 4a is achieved at thil

and knl by a combination of a finite-v phonon-induced
broad feature that loses weight, and a Drude response
grows asT decreases (for smallerl’s, the two peaks can
be distinguished even at the lowest temperature show
Fig. 4a). The similarity with experiments suggests th
real manganites may have couplings close to an unst
region in parameter space. In the inset,DW vsT is shown.
Note thatDW vanished suggesting a MIT. Results for th
1-orbital case are smoother.

A similar good agreement with experiments was o
served working in the regime of the orbitally induced P
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FIG. 4. (a) ssvd at l ­ 1.0, knl ­ 0.7, and L ­ 20, and
several temperatures. The inset showsDW vs T for both the
HKJT (circles) and the 1-orbital model (squares) of Ref. [4] (
latter atknl ­ 0.65). DW is normalized to the maximum valu
for the 1-orbital model atT ­ 0.01; (b) ssvd vs v parametric
with knl at l ­ 1.5, T ­ 1y10, and L ­ 16 (results forL ­
10 are similar). The inset shows the lowerJH-split DOS at
knl ­ 0.93. In (a) and (b) ad-function broadeninge ­ 0.25
was used, as well as setT1 for the hopping amplitudes.

but at a temperature aboveTPS
c . Here the broad featur

observed at highT in Fig. 4a moves to higher energi
(Fig. 4b) sincel has increased. At the temperature
Fig. 4b the system is an insulator atknl ­ 1, but as hole
carriers are added a second peak at lower energies
velops, in addition to a weak Drude peak (which carr
e.g., just 1% of the total weight atknl ­ 0.61). This fea-
ture at highT is reminiscent of recent experimental r
sults [21] where a two-peak structure was observe
room T and several densities. Similar results were
tained on42 clusters. In Fig. 4b the peak at largev is
caused by phononic effects since its position was fo

to grow rapidly withl fD , 2lksQs2d2

i 1 Q
s3d2

i d1y2lg. It
corresponds to intersite transitions between Mn31 JT-split
states. The lower energy structure is compatible wit
Mn31-Mn41 transition [22]. The inset of Fig. 4b show
the DOS of the system. The two peaks abovem are re-
sponsible for the features found inssvd. This interpreta-
tion is the same as given in Ref. [11] atD ­ `.

Summarizing, here the first computational study of
2-orbital Kondo model including Jahn-Teller phonons w
reported. The phase diagram includes regions of p
separation both at large and smalleg densities. Coulomb
interactions will break the large regions involved in
for the pure HKJT model into small islands of on
phase embedded into the other. Recalling that our s
FM phase atknl ­ 1 and D ­ 1, 2 is also compatible
with A-type spin-AFM order, several experimental resu
[7] are in agreement with the tendencies discusse
this paper. At smallknl, the PS observed here cou
be transformed by long-range Coulomb interactions
a charge-ordered state. Note that the PS observe
e-
,

at
-

d

a

s
se

n-

in

o
in

electron-doped Sr2MnO4 [8] and other compounds [23]
is also compatible with our results.
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