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Complex orbital state in manganites

Ryo Maezono and Naoto Nagaosa
Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan

~Received 26 May 2000!

Theeg-orbital states with complex coefficients of the linear combination ofx22y2 and 3z22r 2 are studied
for the ferromagnetic state in doped manganites. Especially the focus is put on the competition among uniform
complex, staggered complex, and real orbital states. As the hole-dopingx increases, the real, the canted
complex, and the staggered complex orbital states appears successively. Uniform complex state analoguous to
Nagaoka ferromagnet does not appear. These complex states can be expressed as a resonating state among the
planer orbitals as the orbital liquid, accompanied by no Jahn-Teller distortion.
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I. INTRODUCTION

The role of the orbital degrees of freedom has recen
attracted considerable interests as one of the keys to un
stand the colossal magnetoresistance~CMR! observed in
doped manganites.1–13 The orbital state of the conductio
electrons is described as a linear combination of two w
functions, ux22y2& and u3z22r 2&, of the degenerateeg
orbitals.14 In previous studies,1,14 the linear combination with
only real coefficients~real orbital state! has been considered
This is because theories of the orbital ordering have b
developed mainly to describe the parent compounds of C
materials,14–17 in which the static Jahn-Teller deformation
observed.18 Such a deformation stabilizes the real orbi
state and it was reasonable to exclude the linear combina
with complex coefficients~complex orbital state!. Recently
the orbital state indopedcompounds is studied concernin
the properties of CMR materials.1–13Because the static Jahn
Teller distortion disappears in doped compounds,19,20there is
no reason to exclude the complex orbital state. Actually s
a complex orbital state has been recently studied.21,22

Khomskii21 pointed out that the complex orbital state, (ux2

2y2&6 i u3z22r 2&)/A2, provides locally isotropic hopping
intensities with the same bandwidth as the real orbital st
and might explain the isotropic properties observed in CM
compounds. Such a local isotropy cannot be realized with
uniform real orbital state.1 A staggered ordering is therefor
needed to explain the observed isotropic properties wi
the extent of the real orbital ordering1 ~another proposal is
the orbital liquid state, where the local isotropy is recove
by a quantum resonance between anisotropic orbital confi
rations, ux22y2&, uy22z2&, and uz22x2&4!. Based on the
analogy to the Nagaoka ferromagnetism (F), Khomskii pro-
posed that the uniform ordering~orbital F) of the complex
orbital state is more stable than the staggered one~orbital
AF) with real orbitals.21 Takahashiet al. investigated the
possible complex orbital ordering, motivated by the analo
to the octapole ordering in heavy fermion systems with o
time reversal symmetry.23 They found that thestaggeredor-
dering of the complex orbital is stable, being contrary
Khomskii’s uniform one.22

In this paper, we study the competitions among the u
form complex, staggered complex, and real orbital states
using a model of CMR compounds taking the strong on-
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repulsion and the orbital degeneracy into account.1 The com-
plex orbital state is taken as, cos(u/2)•ux22y2&1i sin(u/2)
•u3z22r 2&, and the whole possibility with the continuou
parameteru is examined. With realistic parameters, the co
plex orbital state is more stable than the real one in the m
erately doped region (0.25,x,0.45). The complex ordering
changes from the canted one (0.25,x,0.35) into the stag-
gered (0.35,x,0.45) one due to the competition betwee
the orbital superexchangeAF and the orbital NagaokaF.
The local isotropy is also realized in this complex stagge
phase, where the band gap due to the doubled period br
about the energy gain exceeding the energy loss due to
narrower bandwidth than that of the uniform ordering w
isotropic hopping. With increasingU/t toward the strong
correlation limit, the former gain decreases whereas the la
loss increases. The staggered ordering becomes unstab
this limit, where the uniform orbital ordering wins. In thi
case, however, the obtained uniform ordering is not the co
plex one21 but the real one withux22y2&. Though the uni-
form complex ordering becomes more stable than the s
gered complex one, it has higher energy than that of the
one. In the weak correlation limit, on the other hand, Tak
hashiet al. found that the normal metallic state becomes u
stable toward the the staggered complex ordering near
quarter filling,22 with increasingU. When the Jahn-Teller
coupling is further taken into account, however, it is like
that the real orbital state is stabilized, because the ene
scale of the Jahn-Teller coupling becomes dominating co
pared with the weakU, prefering the real state.

The Jahn-Teller deformation which couples with the o
bital degrees of freedom decreases in the complex ca
phase and vanishes in the complex staggered phase, b
consistent with the observed disappearance of
deformation.19,20 This complex state can be expressed a
resonating state among planer orbitals, as in the orbital liq
picture.4 When the resonance occurs with coherent corre
tions in time and space, the complex orbital ordering is o
tained, meanwhile that with incoherent one corresponds
the orbital liquid state.4 These can be distinguished by e
periments detecting the spatial correlation of the orbital sy
metry, such as the anomalous x-ray scatter
experiments.25,26 Possibilities of the phase separation is a
discussed.
11 576 ©2000 The American Physical Society
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II. RESULTS AND DISCUSSIONS

We employ the same model as that in the previo
report,1

H5 (
sgg8^ i j &

t i j
gg8disg

† dj sg82JH(
i

SW t2gi•SW egi

1JS(̂
i j &

SW t2gi•SW t2gj1Hon site, ~1!

where g@5a(dx22y2),b(d3z22r 2)# specifies the orbital and

the other notations are standard.1 The transfer integralt i j
gg8

depends on the pair of orbitals (g,g8) and the direction of
the bond (i , j ).1 The spin operator for theeg electron is de-
fined asSW egi5

1
2 (gabdiga

† sW abdigb with the Pauli matricessW ,

while the orbital isospin operator is defined asTW i

5 1
2 (gg8sdigs

† sW gg8dig8s .1 JH is the Hund’s coupling be-
tweeneg and t2g spins, andJS is theAF coupling between
nearest neighboringt2g spins.Hon site represents the on-sit
Coulomb interactions betweeneg electrons. Coulomb inter
actions induce both the spin and orbital isospin mome
and actuallyHon site can be written as

Hon site52(
i

~ b̃TW i
21ãSW egi

2 !. ~2!

FIG. 1. Energies of the spinF phase with real and comple
orbital states as a function of the hole concentrationx ~with JS

50).

FIG. 2. Phase diagram as a function of the hole concentra
~x! and the antiferromagnetic interaction betweent2g spins (JS). A,
C, F, andG specify the spin configuration.
s

s,

A parameter set witht05t i ,i 1 ẑ
bb

50.72 eV, ã58.1t0, and b̃
56.7t0 corresponds to the realistic one being relevant to
actual manganese oxides.1 In the path-integral quantization
we introduce the Stratonovich-Hubbard fieldswW S and wW T ,
representing the spin and orbital fluctuations, respectiv
With the large values of the electron-electron interactio
above, bothwW S and wW T are almost fully polarized.1 The
meanfield theory corresponds to the saddle point config
tion of wW S and wW T . We only consider the possibility of the
complex orbital state within aF-type spin alignment in the
cubic cell.

We assume the two sublattices,I and II , with F-, A-, C-
andG-type alignment.1 On each site, the orbital is specifie
as a linear combination of the two degenerate orbital ba
ux22y2& and u3z22r 2&, as

uu,w&5cos
u

2
ux22y2&1e2 iwsin

u

2
u3z22r 2&. ~3!

(u,w) is the polar angle of the corresponding isospinTW . In
the limit of the infinite orbital polarization,b̃→`, the uni-
form orbital ordering with anyuu,w& takes the same band
width, 2(3/2)t0. The polar angle (u,w) therefore controls
only the dimensionality of the band structure to optimize t
kinetic energy gain, leaving the bandwidth unchanged.

Previous studies21,22have focused on the states withTW //êy
as the complex orbital states. In this paper, we extend
possibility toTW lying within yz plane (uu,w5p/2&, real and
pure imaginary coefficients! for the complex orbital state
whereasTW within zx plane (uu,w50&) corresponds to the
real orbital state. This choice includesux22y2& and u3z2

2r 2& as the two ends. With finiteb̃, the generalized orbita
canted structure on two sublattices is examined.

Figure 1 shows the energy values in spinF phase, opti-
mized within the real and the complex orbital states, plot
as a function of the hole concentrationx ~with JS50). The
orbital shape specified byu is optimized at eachx. The com-
plex orbital state is realized in the moderately doped reg
(0.25,x,0.45). The phase diagram as a function ofx and
JS (AF interaction betweent2g spins! is shown in Fig. 2.

In the shaded and hatched regions of the spinF phase is
realized the complex orbital state. The phase boundary
picted with a broken line is that for the real orbital sta
reported previously.1

Figure 3 shows the orbital phase diagram assuming
spinF phase as a function ofx. The orbital ordering change
from the real staggered, the complex canted, the comp
staggered, and to the real uniform one. Figure 4 shows thx
dependence of the orbital canting angle,uu II 2u I u, for the
real and the complex orbital states.

n

FIG. 3. The phase diagram assuming the spinF phase with
realistic parameters.
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With increasingx, the canting angle once tends to take t
orbital F(I→II ), but get back toAF again (II →III ). The
canted complex state with orbitalC is stable atx50.25 and
0.35. With increasingx, the canted state changes into t
staggered one for 0.35,x,0.45 with u I52u II 5p/2 ~or-
bital G) as found in Ref. 22. We note that thisstaggered
state also gives the locally isotropic hopping integrals,tx

5 1
2 e2 i (2p/3), ty5 1

2 ei (2p/3), and tz52 1
2 . The uniform com-

plex state21 with u I5u II 5p/2 and tx,y,z521/2 has higher
energy. With further doping (IV with x.0.5), the orbitalF
becomes stable again, but with real coefficients.

These results can be understood as follows. The orb
superexchangeAF interactionJAF is represented by the shi
in the center of mass of the occupied density of states~DOS!,
as represented by the Hamiltonian,

S «k beff

beff «k1Q
D , ~4!

with Q5(p,p,p) being the staggered orbital momentum
ThereforeJAF is estimated as

JAF>
t2

beff
>

t2

b̃~12x!
, ~5!

which increases asx increases becausebeff is the constantb̃
times the number of electrons (12x). The ferromagnetic
double exchange interactionJF for the orbital moments is
represented by the energy of the doped holes at the top o

FIG. 4. x dependence of the orbital canting angle for the real a
the complex orbital states~with realistic parameters!.
al

.

he

occupied band, which depends on the bandwidth. The ba
width is t for the uniform ordering whereast2/beff for the
staggered one fort!beff and smallx. JF is therefore given as

JF;S t2
t2

beff
D •x, ~6!

which represents the relative kinetic energy gain of the
bital F state measuring from that of the staggered state
should be noted here that the notationJF is rather symbolic,
and the Hamiltonian is not written as2JF( i j TW i•TW j . Based
on these considerations, the results in Figs. 2 and 3 are
terpreted as follows. Here we assume the ferromagnetic
alignment. At x50, JF vanishes meanwhileJAF is finite,
leading to the orbitalAF. With small doping,JF becomes
finite, leading to the tendency toward the orbitalF seen in
the regionII in Fig. 4. @This corresponds to the crossov
from the orbital superexchangeAF to the orbital double ex-
change~Nagaoka! F with the doping.# To understand the
reentrant of the orbitalAF in the regionIII , we note that
t2/beff5t2/b̃(12x) increases asx, which enhancesJAF(x)
and suppressesJF . Actually, the difference in the bandwidt
of DOS between the uniform~orb.F) and the staggered~orb.
AF) structures is hardly seen atx50.3 in Fig. 5, correspond-
ing to JF;0. The staggered ordering is therefore stabiliz
with increasingJAF(x) in the moderately doped region. I
the heavily doped region (IV), the expression ofJF,AF does
not hold anymore becauset'beff . There the staggered or
dering is unstable due to the lower bandwidth than that of
uniform one, leading to the orbitalF ordering.

The competition between the real and the complex orb
states is understood as follows. The complex state is st
lized only in the moderately doped region with the advanta
of the isotropic band structure. In the other region, so
other mechanism is rather important than the isotropy: In
small doping region, the real state realized in Figs. 1 an
(x,0.25) is found to be stabilized mainly due to the hybri
ization between the occupied and the unoccupied bands
the off-diagonal hopping integrals. In the heavily doped
gion, on the other hand, the low dimensional band structu
u I5u II 50 ~two dimensional! or p ~quasi-one dimensional!,
is prefered where the isospin moment is along thez axis~real
orbital state!. This is due to the relative location between t

d

FIG. 5. Typical density of states~DOS! calculated with the orbitalF andAF ordering atx50 and 0.3.
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PRB 62 11 579COMPLEX ORBITAL STATE IN MANGANITES
van Hove singularity of DOS and the fermi level.1 The fermi
level with small electron concentration (x;1, heavily doped
region! is located near the band edge. The low dimensio
band structure with singularities at the top and the bottom
the band can therefore lower the kinetic energy effectiv
with large accomodation at the singularity near the Fe
level.

With increasingb̃/t, the staggered state becomes unsta
becauseJAF goes to zero whereasJF remains finite. This
corresponds to the recovery of the orbital NagaokaF. One
can therefore expect the uniform complex state in the sm
doped region with the strong correlation limit. The obtain
ordering is however thereal uniform one withux22y2&, not
the complexone. The schematic phase diagram in this lim
is given in Fig. 6. This can be understood as follows. In t
limit, only the DOS near the band edge matters because
bandwidth of the uniform state does not depend on the
bital shape. The DOS arises at the edge most sharply
ux22y2&,1 giving the largest kinetic energy gain. Orbital N
gaoka F is therefore realized withux22y2& in the strong
correlation limit. ~It should not be confused with the re
state in the small doping region with realistic paramet
~Fig. 3!, where the ordering is orbitalAF stabilized due to
the interband hybridization.!

Curves obtained in Fig. 1 are nonmonotonic with a co
mon tangential line contacting at two differentx, where the
curve is convex upwards. This means that the phase coe
ence with two different concentrations has higher ene
than the single phase. Therefore a spontaneous p
separation9 does not occur in our results.

Now we discuss the implications of our mean-field r
sults. TheTy component of the isospin is the generator of t
rotation withinTz-Tx plane. Hence the energy gain by no
zero ^Ty& gives an enstimate of the resonance energy
tween the local minima inTz-Tx plane. This is seen whe
one rewrites the complex orbital state as

1

A2
ux22y2&6 i

1

A2
u3z22r 2&5A2

3
@ ux22y2&1e6 i2p/3uz2

2x2&1e7 i2p/3uy22z2&].

~7!

FIG. 6. Schematic phase diagram in the strong correlation lim
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The mean-field state witĥTy&Þ0 takes into account the
resonance energy amongux22y2&, uy22z2&, anduz22x2&.1,4

However it should be noted that^Ty& is also a dynamical
field, and can fluctutate quantum mechanically. This fluct
tion will reduce and can even destroy the complex orb
ordering, leading to the orbital liquid state.1,4 In addition, the
Jahn-Teller~JT! coupling

HJT5(
i

g~Ti
z
•Qi ,u1Ti

x
•Qi ,v! ~8!

@Qu and Qv denote the normal coordinates of the displac
ment of the oxygen ionsDa (a5x,y,z):1,27 Qu5(2Dz2Dx

2Dy)/A6,Qv5(Dx2Dy)/A2# triggers the fluctuation ofTW
from the y axis to form a vibronic~dynamical Jahn-Teller!
state.24 These fluctuations are beyond the scope of this pa
and it is not clear at present which is realized in mangani
i.e., the complex orbital order or the orbital liquid. The sta
JT distortion is absent in both states. Several experiments
desirable to directly detect the complex orbital order such
the anomalous x-ray scattering,25,26 the x-ray charge density
study by using of the maximum entropy method~MEM!,28

the magnetic Compton scattering,29 and the polarized neu
tron scattering.30 The strongly incoherent optical response
manganites,31 on the other hand, suggests the orbital liqu
state.15,32

In summary, we studied the competitions among the u
form complex, staggered complex, and real orbital state
CMR compounds. In the moderately doped region, the co
plex orbital state is stabilized, where the ordering chan
from the canted one (x50.25,0.3) to the staggered on
(0.35,x,0.45). This can be understood in terms of t
competition among the band narrowing and the gap ass
ating with the staggered structure, and the hybridization w
the unoccupied band. The staggered complex ordering is
accompanied with the Jahn-Teller deformation. The fluct
tion around this complex ordering may lead to the orbi
liquid state and the dynamical Jahn-Teller distortion. T
phase separation does not occur with the complex orb
state obtained here.
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Khomskii, Zh. Éksp. Teor. Fiz.79, 987~1980! @Sov. Phys. JETP
52, 501 ~1981!#.

15S. Ishihara, J. Inoue, and S. Maekawa, Physica C263, 130
~1996!; Phys. Rev. B55, 8280~1997!.

16R. Shiina, T. Nishitani, and H. Shiba, J. Phys. Soc. Jpn.66, 3159
~1997!.

17W. Koshibae, Y. Kawamura, S. Ishihara, S. Okamoto, J. Ino
and S. Maekawa, J. Phys. Soc. Jpn.66, 957 ~1997!.

18G. Matsumoto, J. Phys. Soc. Jpn.29, 606 ~1970!.
19H. Kawano, R. Kajimoto, M. Kubota, and H. Yoshizawa, Phy

Rev. B53, R14 709~1996!.
,

.

20J.F. Mitchell, D.N. Argyriou, C.D. Potter, D.G. Hinks, J.D. Jo
gensen, and S.D. Bader, Phys. Rev. B54, 6172~1996!.

21D. Khomskii, cond-mat/0004034~unpublished!.
22A. Takahashi and H. Shiba~unpublished!.
23O. Sakai, R. Shiina, H. Shiba, and P. Thalmeier, J. Phys. Soc.

66, 3005~1997!; 67, 941 ~1997!.
24N. Nagaosa, S. Murakami, and H.C. Lee, Phys. Rev. B57, R6767

~1998!.
25Y. Murakami, H. Kawada, M. Tanaka, T. Arima, Y. Moritomo

and Y. Tokura, Phys. Rev. Lett.80, 1932~1998!.
26Y. Murakami, J.P. Hill, D. Gibbs, M. Blume, I. Koyama, M

Tanaka, H. Kawata, T. Arima, Y. Tokura, K. Hirota, and Y
Endoh, Phys. Rev. Lett.81, 582 ~1998!.

27J. Kanamori, J. Appl. Phys.31, 14S~1960!.
28M. Takata, E. Nishibori, K. Kato, M. Sakata, and Y. Moritomo,

Phys. Soc. Jpn.68, 2190~1999!.
29A. Koizumi, N. Sakai, N. Shirai, and M. Ando, J. Phys. Soc. Jp

66, 318 ~1997!.
30J. Akimitsu and Y. Ito, J. Phys. Soc. Jpn.40, 1621~1976!.
31Y. Okimoto, T. Katsufuji, T. Ishikawa, A. Urushibara, A. Arima

and Y. Tokura, Phys. Rev. Lett.75, 109 ~1995!.
32R. Killian and G. Khaliullin, Phys. Rev. B58, R11 841~1998!.


