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Hole dispersions in theG- and C-type orbital ordering backgrounds: Doped manganese oxides
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1Department of Physics, The University of Hong Kong, Pokfulam Road, Hong Kong, China
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In the framework of the linear spin-wave theory and orbital-charge separation, we calculate quasiparticle
~QP! dispersions for two different antiferromagnetic orbital structures in the fully saturated spin phase of
manganese oxides. Although with the same orbital wave excitations, the QP bands ofC- andG-type orbital
structures exhibit completely different shapes. The pseudogap observed in the density of states and spectral
functions aroundv50 is related with the large antiferromagnetic orbital fluctuation. The minimal band energy
for G-type is lower than that forC-type orbital order, while these band curves almost coincide in some
momentum points. Larger energy splitting occurs between the two branches ofkz50 andkz5p when increas-
ing the superexchange couplingJ, suggesting that the orbital scattering plays an essential role in the QP
dispersions.
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Hole-doped manganese oxides with perovskite struc
exhibit rich physical behaviors, which originate from the i
terplay between spin, charge, orbital, and lattice degree
freedom as well as strong correlations among electron1,2

The parent compound LaMnO3 is an A-type antiferromag-
netic ~AF! insulator. Upon doping of holes, a ferromagne
metallic state appears at low temperatures and the colo
magnetoresistance effect is observed near the ferromag
transition temperature. With dopant increasing, the fer
magnetic transition temperature decreases and an insul
state comes out again.3,4 Owing to the Jahn-Teller distortion
it is considered that Mnd3z22r 2 and dx22y2 orbitals are al-
ternately ordered in the crystal.5 TheA-type spin andC-type
orbital antiferromagnetic structure was observed experim
tally in the undoped manganites.6 Recently, much attention
has been attracted to the anomalous properties
La12xSrxMnO3 at x;0.12; the resistivity shows a sharp u
turn below a certain low temperatureToo .7,8 The ferromag-
netic metal-insulator transition is actually driven by orbi
ordering which was directly observed by the resonant x-
scattering.6,9 The high-energy resolution angle-resolved ph
toemission~ARPES! measurements reveal the existence o
pseudogap~PG! at the Fermi surface10 at low temperatures
The doping induced transition to ferromagnetic metal arou
Tc was explained by means of double exchange~DE! theory
proposed in 1950s and 1960s.11 However, this scenario is no
compatible with the recent experimental discoveries, a
new approaches are needed to understand the complic
behaviors. Some authors ascribe the anomalous featur
the orbital dynamics,5,12,13 which leads to the incoheren
structure of the optical conductivity. Theoretical studi
show that the energies of theC- andG-type orbital structures
are degenerate.14,15 So far, little is known about the propert
of doped holes in Mn oxides. We believe that the orbi
model provides a good starting point for considering the
namics of holes in the ferromagnetic spin system. In parti
lar, it is of interest to investigate the dispersion relations o
single hole moving on the two different orbital background
PRB 620163-1829/2000/62~6!/3869~6!/$15.00
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In this paper, we start with an orbitalt-J Hamiltonian for
manganites, and assume that electronic spins are fully s
rated and will henceforth be neglected here. This model c
sists of hopping terms between the same and different o
als a, b on neighbor sites and an orbital superexchan
interaction, which differs from the usualt-J model as a po-
tential candidate for the microscopic understanding of
cuprites. Thet-J-like orbital Hamiltonian without the spin
degrees of freedom is expressed as16,17

H52 (
i j ab

~ t i j
abc̃ia

† c̃ j b1H.c.!1J(
i j

S t i
gt j

g2
1

4
ninj D ,

~1!

wherec̃ia
† 5cia

† (12ni) creates an electron at an empty sitei
with orbitala, for which we denote the two degenerate orb
by ↑5d3z22r 2 and↓5dx22y2, and the rest of the notation i
standard. In this paper, the unit of energy will bet51. The
transfer integralt i j

ab depends on the orbitals, the anisotrop
transfer matrices are expressed by12,18

tx/y5tS 1

4
7

A3

4

7
A3

4

3

4
D , tz5tS 1 0

0 0D ,

and t i
x/y5 1

2 (Ti
z6A3Ti

x), t i
z5Ti

z with Ti
a

5 1
2 (sa)s1 ,s2

cis1

† cis2
, sa are the Pauli matrices.g(5 i 2 j )

P$x̂,ŷ,ẑ%. The transfer matricest i j
ab allow orbital flipping

while an electron hops in thex-y plane, which contrasts to
the usualt-J model. The superexchange coupling constan
J54t2/U, where U is the on-site repulsion between spi
paralleleg electrons. The present model has been studied
several authors. For example the anomalous spectral d
bution in doped manganites was explained.16 At x50, the
optimal choice of the occupied orbitals forG and C type
could be chosen by minimizing the classical energy. In or
3869 ©2000 The American Physical Society
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FIG. 1. Quasiparticle dispersions forG- andC-type orbital structures. The line is a guide for the eyes.
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to find the optimum configuration, let us perform a unifor
rotation of↑ and↓ orbitals by an angleu at each site:

S c↑8

c↓8
D 5S cos~u/2! sin~u/2!

2sin~u/2! cos~u/2!
D S c↑

c↓
D .

The value ofu is to be optimized. Atx50, the superex-
change partHJ in the orbital subspace of Eq.~1! may be
mapped onto a spin problem, and can thus be treated w
the linearized spin-wave theory. Here we choose
Holstein-Primakoff transformation for localized orbital o
erators (T51/2). Ti

15ai
1A12ai

1ai for i P A sublattice and
A12ai

1aiai for i PB sublattice.A and B represent the dif-
ferent sublattices with an alternating orbital background.
find the classical ground energy depends on the rota
angle forC type but angle independent forG type. The mini-
mum classical energy per bond is23

4 J at u5p/2 for C type
and at anyu for G type. In the momentum space and atu
5p/2, the linearized Hamiltonians forG- andC-type orbital
waves are identical,

HJ5(
k

Akak
†ak1

1

2
Bk~ak

†a2k
† 1aka2k!, ~2!

where

Ak
(1)53J1Bk

(1) , Bk
(1)5

1

2
J@g i~k!12g'~k!#
in
e

e
g

and g i(k)5 1
2 (coskx1cosky), g'5coskz. After a Bogoliu-

bov transformation:

ak5ukak1vka2k
† ,

the diagonalized orbital wave Hamiltonian takes the form

HJ5(
k

vkak
†ak ,

with the orbital wave dispersion

vk53JA11
1

3
@g i~k!12g'~k!#.

This anisotropic energy of the three-dimensional~3D! model
comes from the contributions of the bonds in theab plane
and along thez direction.

We assume that a slight doping does not severely dis
the long-range orbital ordering in manganites, such asC-type
andG-type ordering in the undoped material LaMnO3. The
first termHt of Eq. ~1!, which describes the hopping of elec
trons from site to site, can be expressed in the representa
of hole-orbital separation similar to the hole-spin separat
for the usualt-J model in the work of Schmitt-Rink and
Varma.19 This method has been widely used to describe
evolution of the quasiparticle~QP! dispersion based on th
usualt-J model for cuprites.20 We introduce hole operator
hi such that
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FIG. 2. Spectral functionsA(k,v) for C-type orbital structure:~a! k5(0,0,0);~b! k5(0,0,p); ~c! k5(p,0,p); ~d! the density of states
(kA(k,v)/N, J50.2t.
c̃i↑
† 5H hi if i PA

hiTi
1 if i PB

c̃i↓
† 5H hiTi

2 if i PA

hi if i PB.

In this representation, the Hamiltonian is reduced to

H ( i )5(
k

ek
( i )hk

†hk1(
k

vkak
†ak

1(
kq

~Mkq
( i )hk

†hk2qaq1H.c.!

1(
kpq

gkpq
( i ) hk

†hk2qap
†ap1q

1(
kpq

gkpq8( i )hk
†hk2qap

†a2(p1q)
†

1(
kpq

gkpq9( i )hk
†hk1qapa2(p1q) ,

where
ek
(1)52tSA3

2
~coskx2cosky!22 coskzD ,

ek
(2)52

A3

2
t@coskx2cosky#,

and

jk
(1)52tg i~k!,

jk
(2)5t@2g i~k!1g'~k!#,

Mkq
( i )5

1

AN
~jk

( i )uq1jk2q
( i ) vq!,

gkpq
( i ) 5

1

N
~ek1p

( i ) upup1q1ek2p2q
( i ) vpvp1q!,

gkpq8( i )5
1

N
ek1p

( i ) upvp1q ,

gkpq9( i )5
1

N
ek1p2q

( i ) vpup1q ,

wherei 51,2 for G- andC-type orbital structures.
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FIG. 3. Spectral functionsA(k,v) for G-type orbital structure:~a! k5(0,0,0);~b! k5(0,0,p); ~c! k5(p,0,p); ~d! the density of states
(kA(k,v)/N, J50.2t.
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Early results for usualt-J model20–24 revealed that the
self-consistent Born approximation presented a remark
agreement with the exact diagonalization calculation. Ba
on the self-consistent diagrammatic approach, we eval
the self-energy of these two systems numerically by the
dinary iteration procedure and in thev mesh with 1000
points in the range from25 to 5 ~in units of t). The simu-
lations have been carried out on clusters with 43432, 6
3632, and up to 83832 sites, and found that the finite
size effects are not expected to change the results drastic
A similar effect was also observed in the calculation in t
t-J model, which the technique was first invented for. T
dressed hole QP dispersion can be obtained from the pole
the hole Green’s function which correspond to the maxim
peak in the spectral functionA(k,v). In Fig. 1, we show the
QP bands along a specific moment route in the Brillo
zone forG- andC-type orbital backgrounds. Although the
have the degenerated orbital wave excitation, the holon
persions have completely different shapes for these
backgrounds. In Fig. 1, the solid squares and up triang
correspond to the two branches ofkz50 andkz5p, respec-
tively. It is shown that the many-body effects strongly redu
the band splitting, and the variation of two branches is v
similar for each structure. The overall shape of the QP d
persion is completely different from the free hole dispersi
le
d
te
r-

lly.

of

s-
o
s

e
y
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which is due to the scattering of orbital in the strongly co
related system. It also differs from the usualt-J model20

which has the minimum energy at (p/2,p/2) and an ex-
tended ‘‘flat’’ region around (p,0). This difference origi-
nates from the interorbital flipping in theab plane in the
present model. ForC-type, in Figs. 1~a! and 1~b!, we find a
large excitation energy around (p,0) comparable to the mini-
mum value at~0,0! and (p,p), and there is an orbital ‘‘bag’’
around the point (p,p). For G type in Figs. 1~c! and 1~d!,
the difference between the two branches of the band is m
prominent. By setting the hopping termt50.36 eV consis-
tent with band-structure calculations, we find the bandwi
of the present model is in the interval of 1.0–1.7 eV which
approximately in magnitude agreement to the experime
result of 1.2 eV in the angle-resolved photoemission sp
troscopy for the layered manganese oxide.10 It supports the
present model to describe the ferromagnetic doped man
ite. On the other hand, from this picture one can see that
shape of the QP dispersion is sensitive to the couplingJ,
which reveals that the orbital scattering has large influe
on the motion of holes. The results of spectral functions
C type are shown in Fig. 2. The quasiparticle peak is do
nant at the low-energy regime. The correspondence QP
ergy ofk5(0,0,0) spectrum is slightly different from that o
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k5(0,0,p), and in~c! the spectral weight is largely reduce
at (p,0,p) compared to that of (0,0,0) by raising the ho
energy dramatically. The absence of energy weight displa
in the density of states~DOS! in Fig. 2~d! may reveal the
existence of pseudogap. It also shows that a large we
accumulates around the bottom of the band. The locatio
the pseudogap is different from the result of t
experiment,10 in which pseudogap is at the chemical pote
tial. The difference comes from that we take the chemi
potentialm50, as our calculation is limited in a finite-siz
system with definite number of particles. Predominantly,
PG feature is presented aroundv50 in the density of states
~DOS!. As a comparison, the results forG-type structure are
shown in Fig. 3. One can see that both the spectral funct
and the DOS indicate the pseudogap aroundv50, which is
correlated with the large antiferromagnetic orbital fluctuat
in this model. At (0,0,0) and (0,0,p), A(k,v) has a well-
defined QP peak and a part of incoherent excitations.
density of states is completely different from that ofC type
due to their different free hole dispersions andk dependence
couplings between holon and orbital wave. In Fig. 4,
compare the two dispersions forG- and C-type ordering at
J50.2t. It shows that the energy for the two types of orde
ing are almost degenerated around (p,p), while in many
other momenta the energy forG type is lower than that ofC
type, which indicates that for the ferromagnetic spin str
ture theG-type ordering may be optimal which is in agre
ment with the previous investigations.16,25 An interesting as-
pect of such system is that the elementary excitations h
mixed orbital-hole coupling, which gives large quantu
fluctuation correction to the antiferromagnetic orbital pha
We expect that the different dispersions ofC- and G-type
orbital backgrounds may manifest themselves in the opt
conductivity, and other observable that are strongly relate
elementary excitations and the quantum fluctuation effect
the manganite systems.

In conclusion, we have investigated the QP dispersion
a fully saturated spin and lightly doped manganite syste
e
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The effective Hamiltonian is derived for strongly correlat
QP system with hole-orbital scattering. Based on the diff
entG- andC-type ordering backgrounds, the hole dispersi
exhibits completely different shapes, and lower energy is
tained onG-type orbital structure. The spliting between th
two bands atkz50 andkz5p becomes larger upon increa
ing superexchange coupling. The pseudogap is appare
observed in the density of states and the spectral function
specific moment points, which is explained by the correlat
of antiferromagnetic orbital fluctuation. We believe th
many anomalous properties of manganites are expected
related to the orbital ordering. In this respect, our investi
tion of QP dispersion may be a prerequisite for a better
derstanding of the anomalous properties in the FM phas
doped manganites.
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FIG. 4. Quasiparticle dispersions forC- and G-type orbital
backgrounds atJ50.2t.
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