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Complex orbital state in manganites
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The e,-orbital states with complex coefficients of the linear combinatior%fy? and %?—r? 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-dapingreases, 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.

I. INTRODUCTION repulsion and the orbital degeneracy into accduftte com-
plex orbital state is taken as, cél)-|[x*—y?)+isin(6/2)
The role of the orbital degrees of freedom has recently.|3z2—r?), and the whole possibility with the continuous
attracted considerable interests as one of the keys to undgsarametew is examined. With realistic parameters, the com-
stand the colossal magnetoresistaf@R) observed in  plex orbital state is more stable than the real one in the mod-
doped manganites:*® The orbital state of the conduction erately doped region (0.25x< 0.45). The complex ordering
eIectrons is described as a linear combination of two Wavehanges from the canted one (0:26<0.35) into the stag-
functions, [x*~y?) and [3z2—r?), of the degenerate, gered (0.35x<0.45) one due to the competition between

oy 1oul Coutcmterent orial siatobas semm conadered, (1€ Ol SuperexchangeF and the orbial Nagao:
2 . . . " The local isotropy is also realized in this complex staggered
This is because theories of the orbital ordering have been Py P 99

developed mainly to describe the parent compounds of CMFQhase’ where the ba_nd 9ap dqe to the doubled period brings
materialst*~ in which the static Jahn-Teller deformation is 200Ut the energy gain exceeding the energy loss due to the

observed® Such a deformation stabilizes the real orbital "2/TOWer bandwidth than that of the uniform ordering with

state and it was reasonable to exclude the linear combinatidiPoPIc hopping. With increasing//t toward the strong
with complex coefficient§complex orbital state Recently correlation limit, the former gain decreases whereas the latter

the orbital state irdopedcompounds is studied concerning /0SS increases. The staggered ordering becomes unstable in
the properties of CMR materials!®Because the static Jahn- this limit, where the uniform orbital ordering wins. In this
Teller distortion disappears in doped compoutitfthere is ~ case, however, the obtained uniform ordering is not the com-
no reason to exclude the complex orbital state. Actually suclplex oné" but the real one withx?—y?). Though the uni-
a complex orbital state has been recently studled. form complex ordering becomes more stable than the stag-
Khomski?! pointed out that the complex orbital statéx¥  gered complex one, it has higher energy than that of the real
—y?)*i|3z2—r?))/\/2, provides locally isotropic hopping one. In the weak correlation limit, on the other hand, Taka-
intensities with the same bandwidth as the real orbital statd)ashiet al. found that the normal metallic state becomes un-
and might explain the isotropic properties observed in CMRstable toward the the staggered complex ordering near the
compounds. Such a local isotropy cannot be realized with thquarter filling?? with increasingU. When the Jahn-Teller
uniform real orbital staté.A staggered ordering is therefore coupling is further taken into account, however, it is likely
needed to explain the observed isotropic properties withinhat the real orbital state is stabilized, because the energy
the extent of the real orbital orderihganother proposal is scale of the Jahn-Teller coupling becomes dominating com-
the orbital liquid state, where the local isotropy is recoveredpared with the weakJ, prefering the real state.
by a quantum resonance between anisotropic orbital configu- The Jahn-Teller deformation which couples with the or-
rations, |x2—y?), |y?—z2), and |z2—x?)%. Based on the bital degrees of freedom decreases in the complex canted
analogy to the Nagaoka ferromagnetisk) ( Khomskii pro-  phase and vanishes in the complex staggered phase, being
posed that the uniform orderin@rbital F) of the complex consistent with the observed disappearance of the
orbital state is more stable than the staggered @mkital  deformation:®>?° This complex state can be expressed as a
AF) with real orbitals?! Takahashiet al. investigated the resonating state among planer orbitals, as in the orbital liquid
possible complex orbital ordering, motivated by the analogypicture? When the resonance occurs with coherent correla-
to the octapole ordering in heavy fermion systems with oddions in time and space, the complex orbital ordering is ob-
time reversal symmetr§?. They found that thestaggerecbr-  tained, meanwhile that with incoherent one corresponds to
dering of the complex orbital is stable, being contrary tothe orbital liquid staté. These can be distinguished by ex-
Khomskii's uniform one* periments detecting the spatial correlation of the orbital sym-
In this paper, we study the competitions among the unimetry, such as the anomalous x-ray scattering
form complex, staggered complex, and real orbital states bgxperiment$>2° Possibilities of the phase separation is also
using a model of CMR compounds taking the strong on-sitediscussed.
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FIG. 3. The phase diagram assuming the dSpiphase with
realistic parameters.

O; Complex A parameter set withy= tI |+Z—0.72 eV,E=8.JIo, and73

s ew e e seg 1 s =6.7t corresponds to the realistic one being relevant to the
0 02 04 06 08 1 actual manganese oxidksn the path-integral quantization,
x we introduce the Stratonovich-Hubbard fielgg and ¢,

FIG. 1. Energies of the spiff phase with real and complex representing the spin and orbital fluctuations, respectively.
orbital states as a function of the hole concentratiotwith Js  With the large values of the electron-electron interactions
=0). above, bothgs and @7 are almost fully polarized. The

meanfield theory corresponds to the saddle point configura-
IIl. RESULTS AND DISCUSSIONS tion of ¢ and ¢. We only consider the possibility of the

We employ the same model as that in the prewou§°mp|ex orbital state within &-type spin alignment in the
report cubic cell.
We assume the two sublatticdsand |1, with F-, A-, C-
and G-type alignment. On each site, the orbital is specified

— t as a linear combination of the two degenerate orbital bases,
H_ E tyy dl(r'y jU”}/ JHE S[ 2,2 2.2 g
ayy' (i) |x*—y?) and|3z“—r?), as
+ JSZ S[ i’ Stzgj + Hon siter (1)

0 ) 0
i |0,<p):c0%|x2—y2>+e*""sin§|322—r2). (3)
where y[ =a(d,2_2),b(ds,2,2)] specifies the orbital and R
the other notations are standard@he transfer integral}”"  (¢.¢) is the polar angle of the corresponding isospinin
depends on the pair of orbitalg/(y’) and the direction of the limit of the infinite orbital polarizationg—c, the uni-
the bond {,j).! The spin operator for they electron is de-  form orbital ordering with any0,¢) takes the same band-

fined aSéegi 22W5dlm aﬁdi'yﬁ with the Pauli matricesr, ~ Width, —(3/2)to. The polar angle 4, ¢) therefore controls

only the dimensionality of the band structure to optimize the

while the ~orbital |sospin operator is defined a&  \inetic energy gain, leaving the bandwidth unchanged.
= odf o .di,.t Jy is the Hund's coupling be-

ZyyoliyeTyybiye- _ _ Previous studiés**have focused on the states with'e,
tweeneg ar?dkt]’gg spins, andJs is the AF coupllnghbetwee_n as the complex orbital states. In this paper, we extend the
nearest neighboringyg SpIns. Hon sire represents the on-site possibility toT lying within yz plane (6, ¢=7/2), real and

Coulomb interactions betweer@ electrons. Coulomb inter-
. : . L . re imaginar fficientsfor th mplex orbital t
actions induce both the spin and orbital isospin momentspu € Imaginary coetlicie isfor the complex orbital state,

and actuallyH,, s can be written as whereasT within zx plane (#,9=0)) corresponds to the
onste real orbital state. This choice includés?—y?) and |32°

—r?) as the two ends. With finit@, the generalized orbital
E (BT2+ aSﬁ ). (2)  canted structure on two sublattices is examined.

Figure 1 shows the energy values in spirphase, opti-
mized within the real and the complex orbital states, plotted
as a function of the hole concentrati@with Js=0). The
orbital shape specified b§is optimized at eack. The com-
plex orbital state is realized in the moderately doped region
(0.25<x<0.45). The phase diagram as a functionxaind
Js (AF interaction betweemy,y sping is shown in Fig. 2.

In the shaded and hatched regions of the $piphase is
realized the complex orbital state. The phase boundary de-
picted with a broken line is that for the real orbital state,
reported previously.

Figure 3 shows the orbital phase diagram assuming the
spinF phase as a function of The orbital ordering changes
from the real staggered, the complex canted, the complex

FIG. 2. Phase diagram as a function of the hole concentratiogtaggered, and to the real uniform one. Figure 4 shows the
(¥) and the antiferromagnetic interaction betwegpspins gs). A, dependence of the orbital canting angle, — 6,|, for the
C, F, andG specify the spin configuration. real and the complex orbital states.
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& - &,| iv occupied band, which depends on the bandwidth. The band-
orbAF (de”g) 180 , width is t for the uniform ordering whereas/ B for the
staggered one fdr< B and smallx. Jg is therefore given as
__ t2
l il
0L ] Je~ t——)-x, (6)
O Real ] F Best
0O; Complex ]
C ] which represents the relative kinetic energy gain of the or-
orb.F q . . l ] bital F state measuring from that of the staggered state. It
0 02z 04 06 08 1 should be noted here that the notatifnis rather symbolic,
x and the Hamiltonian is not written asJg=;;T;-T;. Based
FIG. 4. x dependence of the orbital canting angle for the real an®" these considerations, the results in Figs. 2 and 3 are in-
the complex orbital statevith realistic parameteys terpreted as follows. Here we assume the ferromagnetic spin

alignment. Atx=0, Jg vanishes meanwhild,g is finite,

With increasingx, the canting angle once tends to take theleading to the orbitaAF. With small doping,Jr becomes
orbital F(I—11), but get back toAF again (I —I11). The finite, leading to the tendency toward the orbikakeen in
canted complex state with orbit@l is stable atk=0.25 and  the regionll in Fig. 4.[This corresponds to the crossover
0.35. With increasing, the canted state changes into thefrom the orbital superexchangeF to the orbital double ex-
staggered one for 0.35x<0.45 with 6,= — 6, = /2 (or-  change(Nagaoka F with the doping} To understand the
bital G) as found in Ref. 22. We note that thisaggered reentrant of the orbitahF in the regionlil, we note that
state also gives the locally isotropic hopping integrafs, t%/Bes=1t%/B(1—Xx) increases a%, which enhancesr(X)
=2e 1™ y=1¢'(273) andt?=—3. The uniform com- and suppressek:. Actually, the difference in the bandwidth
plex staté' with ¢,= 6, = /2 andt*Y?=—1/2 has higher of DOS between the uniforrforb. F) and the staggere@rb.
energy. With further dopingly with x>0.5), the orbitalF  AF) structures is hardly seenxat 0.3 in Fig. 5, correspond-
becomes stable again, but with real coefficients. ing to J.~0. The staggered ordering is therefore stabilized

These results can be understood as follows. The orbitakith increasingJag(x) in the moderately doped region. In
superexchangAF interactiond g is represented by the shift the heavily doped regionl{), the expression adg or does
in the center of mass of the occupied density of stdd3S),  not hold anymore becaude- 3.;. There the staggered or-

as represented by the Hamiltonian, dering is unstable due to the lower bandwidth than that of the
uniform one, leading to the orbit& ordering.

gk Beff The competition between the real and the complex orbital

B ' ) states is understood as follows. The complex state is stabi-
eff  €k+Q . p

. ) ) lized only in the moderately doped region with the advantage
with Q=(,m,7) being the staggered orbital momentum. of the isotropic band structure. In the other region, some
ThereforeJ, is estimated as other mechanism is rather important than the isotropy: In the

small doping region, the real state realized in Figs. 1 and 3
(5) (x<0.25) is found to be stabilized mainly due to the hybrid-

ization between the occupied and the unoccupied bands via
_ the off-diagonal hopping integrals. In the heavily doped re-
which increases asincreases becaug®y is the constanB  gion, on the other hand, the low dimensional band structure,
times the number of electrons ). The ferromagnetic 6,= 6#,,=0 (two dimensional or 7 (quasi-one dimensionial
double exchange interactiad: for the orbital moments is is prefered where the isospin moment is alongzhgis (real
represented by the energy of the doped holes at the top of thebital stat¢. This is due to the relative location between the

t? t?
JaF=o—

ﬂeﬁgﬁ(l—x)’
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FIG. 5. Typical density of state®OS) calculated with the orbitaF and AF ordering atx=0 and 0.3.
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spin F phase (Strong correlation limit) The mean-field state witliT,)+0 takes into account the
orb. SE DE (Nagaoka) DE resonance energy amopd—y?), |y?—2z?), and|z>—x?).14
RoAR i x-035 B o x~ 043 However it should be noted th4T,) is also a dynamical
i P 1 . x field, and can fluctutate quantum mechanically. This fluctua-
[ 1 > plest ] ? tion will reduce and can even destroy the complex orbital

ordering, leading to the orbital liquid staté.In addition, the
FIG. 6. Schematic phase diagram in the strong correlation limitJahn-TellerJT) coupling

van Hove singularity of DOS and the fermi leveThe fermi

level with small electron concentratior{ 1, heavily doped Hoe T2.0 +TX0. 8
region is located near the band edge. The low dimensional T Z (T Qi+ Ti-Qu) ®
band structure with singularities at the top and the bottom of

the band can therefore lower the kinetic energy effectively d denote th | dinat f the displ
with large accomodation at the singularity near the Ferm{Qu andQ, denote the normal coordinates of the displace-
level. ment of the oxygen iond , (a=X,y,z): 7" Q,=(2A,— A,

With increasingB/t, the staggered state becomes unstabI?_OAnX){r;/g’/%vx Z(ﬁ)x;)ﬁ%)g \/gi]b:(r)ig?c((a(;;ntgriiggfsuﬁirir'}eolrér

becausel - goes to zero wherea¥: remains finite. This Y . )

corresponds to the recovery of the orbital Nagaékane state_? _These fluctuations are b?’YOF‘d the Scope of this paper,

can therefore expect the uniform complex state in the smaﬁmd itis not clear at present which is re§I|zgd In manganites,
I.e., the complex orbital order or the orbital liquid. The static

doped region with the strong correlation limit. The obtained ) R . .
P g g JT distortion is absent in both states. Several experiments are

ordering is however theeal uniform one with|x?—y?), not . ; ;
the complexone. The schematic phase diagram in this ”mitdeswable to directly detect the (Zzgmplex orbital order SU(.:h as
the anomalous x-ray scatteriRt2° the x-ray charge density

is given in Fig. 6. This can be understood as follows. In this udy by using of the maximum entropy meth@dEM) 28

limit, only the DOS near the band edge matters because t ! tic C i tierifyand th larized
bandwidth of the uniform state does not depend on the ors ¢ Magnetic Oomp on scattenfigand e polarized neu-
on scattering® The strongly incoherent optical response in

bital shape. The DOS arises at the edge most sharply witf] . DA
|x2—y2>,1pgiving the largest kinetic energy gain. Orbitzfl )l/\la- manganites’ on the other hand, suggests the orbital liquid

15,32
gaokaF is therefore realized witﬂxz—yz) in the strong StalItr?.summar we studied the competitions among the uni-
correlation limit. (It should not be confused with the real orm com Iexy’sta ered comolex gnd real orbita?states in
state in the small doping region with realistic parameterg piex, stagg PIEX,

(Fig. 3), where the ordering is orbitséhF stabilized due to CMR compounds.'ln the _moderately doped region, the com-

the interband hybridization, ]E)Iex oLbltaI statg is sta(bllcl)zgg,ovvsr;ere tr;]e ordering ((:jhanges
; N L from the canted onex(=0.25,0.3) to the staggered one

Curves obtained in Fig. 1 are nonmonotonic with a com (0.35<x<0.45). This can be understood in terms of the

mon tangential line contacting at two differentwhere the fit the band ; d th .
curve is convex upwards. This means that the phase coexisioMpeLtion among the band narrowing and the gap associ-
ting with the staggered structure, and the hybridization with

ence with two different concentrations has higher energ ied band. The st d | dering i i

than the single phase. Therefore a spontaneous pha eunoccqp:je 't:rt]h. 3 is$gﬁ’er% fcomptgx Otl_r?rlr;lg ":‘ no

separatioh does not occur in our results. accompanied wi € Jahn-1elier deformation. 1he fluctua-
tion around this complex ordering may lead to the orbital

Now we discuss the implications of our mean-field re- .~ . : . )
sults. TheT,, component of the isospin is the generator of theIIqUId state an_d the dynamical Jahn_-TeIIer distortion. The
phase separation does not occur with the complex orbital

rotation withinT,-T, plane. Hence the energy gain by non- X
zero(Ty) gives an enstimate of the resonance energy be§tate obtained here.
tween the local minima ifT,-T, plane. This is seen when
one rewrites the complex orbital state as ACKNOWLEDGMENTS
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