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We present a theory of the collective orbital excitation termed orbital wave in perovskite titanates and
vanadates with the triply degeneratet2g orbitals. The dispersion relations of the orbital waves for the orbital-
ordered LaVO3 , YVO3 and YTiO3 are examined in the effective spin-orbital coupled Hamiltonians associated
with the Jahn-Teller type couplings. We propose possible scattering processes for the Raman and inelastic
neutron scatterings from the orbital wave and calculate the scattering spectra for titanates and vanadates. It is
found that both the excitation spectra and the observation methods of the orbital wave are distinct qualitatively
from those for theeg orbital-ordered systems.

DOI: 10.1103/PhysRevB.69.075118 PACS number~s!: 75.10.2b, 75.30.Et, 78.70.Nx
in
te

l a
n

nd

d

ze
a
th

e
th
s
o

e
th

t

tte
tro
t
n

th

-
m

nt
te
d

-
r at

he

t
e

d

the
ated
nd

na-
peri-
ed

led
ice
the

cal-
and
ly
n-

a-

a-
I. INTRODUCTION

When degenerate electron orbitals are partially filled
correlated electron systems, this is recognized to be an in
nal degree of freedom belonging to an electron as wel
spin and charge. This orbital degree of freedom has rece
attracted much attention especially in transition-metal~TM!
oxides.1,2 In particular, the orbital ordering~OO! and fluctua-
tion play a key role in anisotropic electric, magnetic, a
optical properties in correlated oxides.

The collective orbital excitation in the orbital-ordere
state is known to be orbital wave~OW!, in analogous to the
spin wave in magnetically ordered state, and its quanti
object is termed orbiton. The theoretical study of OW h
started in the idealized spin-orbital coupled model where
continuous symmetry exists in the orbital space,3 and pro-
gressed in the anisotropic orbital model.4 A realistic calcula-
tion has been done in LaMnO3 with the doubly degenerat
eg orbitals.5 Recently new peak structures observed in
Raman spectra in LaMnO3 are interpreted as scattering
from OW.6 Although there are some debates about origin
the newly found peaks, OW or multiphonons,7,8 the energy
and polarization dependences of the observed Raman sp
show a good agreement with the calculation based on
OW interpretation.

The perovskite titanatesRTiO3 and vanadatesRVO3
(R—rare-earth ion! with the triply degeneratet2g orbitals are
another class of materials where OW is expected. One of
well-known orbital-ordered materials is YTiO3 where the
nominal valence of the titanium ion is 31 and one electron
occupies the triply degeneratet2g orbitals. The orbital-
ordered state associated with the Jahn-Teller~JT! type lattice
distortion has been confirmed by the resonant x-ray sca
ings, nuclear-magnetic-resonance, and the polarized neu
scattering experiments and so on.9–12 These results almos
coincide with each other: there are four different orbitals i
unit cell where the wave functions are given as (1/A2)(dxy

1dyz), (1/A2)(dxy2dyz), (1/A2)(dxy1dzx), and
1/A2 (dxy2dzx).

13 This type of OO, termed the
(dy(x1z) /dy(x2z) /dx(y1z) /dx(y2z))-type from now on, is also
supported by previous calculations.14–16Although an exotic
orbital state is proposed recently by taking into account
0163-1829/2004/69~7!/075118~9!/$22.50 69 0751
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quantum fluctuation,17,18 the predicted orbital state being in
compatible with the crystal lattice symmetry is different fro
the above type of OO.

A series ofRVO3 is systematically examined in the rece
studies.14,15,19–30Two electron occupy the triply degenera
orbitals in a V31 ion. A sequential phase transition is foun
in YVO3;19–21 the G-type OO ~O-G! occurs at TOO1

5200 K and the C-type antiferromagnetic~AFM! ordering
~S-C! appears atTN15115 K. With further decreasing tem
perature, another orbital and magnetic transitions appea
TN25TOO2577 K where the C-type OO associated with t
G-type AFM order@the ~S-G/O-C! order# is realized. On the
other hand, in LaVO3, the C-type AFM ordering occurs a
TN(5143 K) and, at slightly below this temperature, th
G-type OO~the ~S-C/O-G! order! appears.20–22Types of OO
in vanadates are determined that thedxy orbital is occupied at
all the vanadium sites and thedyz anddzx orbitals are alter-
nately ordered in thexy plane ~the C-type OO!, and in all
direction~the G-type OO!.24,25These kinds of OO are terme
the pure OO states, and the OO such as realized in YTiO3 is
termed the mixed OO from now on. It is suggested that
experimentally observed type of OO in vanadates associ
with the JT type distortion explains the several optical a
magnetic properties.28,29

Here, we present a theory of OW in titanates and va
dates where the orbital-ordered states are confirmed ex
mentally well. The dispersion relations of OW are examin
in the ~S-C/O-G! and ~S-G/O-C! phases for LaVO3, and
YVO3 ~the low-temperature phase!, respectively, and the
(dy(x1z) /dy(x2z) /dx(y1z) /dx(y2z))-type OO for YTiO3 . The
calculations are based on the effective spin-orbital coup
Hamiltonians associated with the JT-type electron-latt
coupling. We propose possible scattering processes for
Raman and inelastic neutron scatterings from OW and
culate the spectra. It is found that the excitation spectra
the observation methods of OW are distinct qualitative
from those for theeg orbital-ordered systems such as ma
ganites.

In Sec. II, the model Hamiltonian for titanates and van
dates with the triply degeneratet2g orbitals are introduced. In
Sec. III, the dispersion relations of OW for LaVO3, YVO3,
and YTiO3 are examined. The scattering spectra for the R
©2004 The American Physical Society18-1
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man and inelastic neutron scatterings from OW are show
Sec. IV. Section V is devoted to summary and discussion

II. MODEL HAMILTONIAN

The collective orbital excitations in the orbital-ordere
state are studied in the spin-orbital model derived from
generalized Hubbard Hamiltonian with the triply degener
t2g orbitals:

H5«d (
i ,s,g

digs
† digs1Hel-el

1 (
^ i j &,g,g8,s

~ t i j
gg8digs

† dj g8s1H.c.!, ~1!

with the electron-electron interaction term

Hel-el5U(
i ,g

nig↑nig↓1U8 (
i ,g.g8

nignig8

1I (
i ,g.g8,s,s8

digs
† dig8s8

† digs8dig8s

1J (
i ,gÞg8

dig↑
† dig↓

† dig8↓dig8↑ . ~2!

digs is the annihilation operator for thet2g electron at sitei
with spins5(↑,↓) and orbitalg5(yz,zx,xy). The number
operators are defined bynigs5digs

† digs and nig5(snigs .
U and U8 are the intra-orbital and interorbital Coulomb in
teractions, respectively,I is the exchange interaction, andJ is

the pair-hopping interaction.t i j
gg8 in Eq. ~1! is the electron

transfer integral between sitei with orbital g and nearest-
neighboring ~NN! site j with g8. In the ideal perovskite

structure, the hopping integral is simplified ast i j
gg8

5t0dgg8(dg5( lh)1dg5(kl)), wherel indicates a direction of
a bond connecting sites i and j, and (h,k,l )
5(x,y,z),(y,z,x),(z,x,y). The electron hopping occur
through the O 2p orbitals in between the NN TM sites.

We derive the effective Hamiltonian for titanates whe
the nominal electron configuration of the TM ion isd1. This
Hamiltonian is defined in the Hilbert space where the el
tron number per site is restricted to be one or less due to
strong on-site Coulomb interactions. The Hamiltonian
classified by the intermediate states of the perturbational
cesses as derived in Ref. 13;

HTi5HT1
1HT2

1HE1HA1
, ~3!

with

HT1
52JT1(̂

i j &
S 3

4
1SW i•SW j D ~A2

l 1Bl2C1
l !, ~4!

HT2
52JT2(̂

i j &
S 1

4
2SW i•SW j D ~A2

l 1Bl1C1
l !, ~5!
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in

e
e

-
he
s
o-

HE52JE(̂
i j &

S 1

4
2SW i•SW j D 2

3
~2A1

l 2C2
l !, ~6!

HA1
52JA1(̂

i j &
S 1

4
2SW i•SW j D 2

3
~A1

l 1C2
l !. ~7!

The superexchange interactions are given byJG5t0
2/EG

(2)

(G5T1 ,T2 ,E,A1), whereEG
(2)’s are the energies of the in

termediate states:ET1

(2)5U82I , EE
(2)5U2I , ET2

(2)5U81I ,

and EA1

(2)5U12I , where the relationsU5U812I and I

5J are used.JT1
is the largest among them. The spin degr

of freedom is described by the operatorSW i

5 1
2 (gss8digs

† sW ss8digs8 with the Pauli matricessW . The orbital
degree of freedom is represented by the eight orbital op
tors OiGg classified by the irreducible representations of t
Oh group as (Gg)5(Eu), (Ev), (T2x), (T2y), (T2z),
(T1x), (T1y), (T1z). These operators are defined by t
generators of the su~3! Lie algebra, i.e., the 333 Gell-Mann
matriceslm ( l 5m;8) as31

OiGg5
21

A2
(

s,a,b
dias

† lmabdibs , ~8!

where (Gg,m)5(Eu,8), (Ev,3) (T2x,6), (T2y,4), (T2z,1),
(T1x,7), (T1y,5), (T1z,2). The operatorsOiEg and OiT2g

represent the diagonal and off-diagonal components of
electric quadrupole moments, respectively, andOiT1g does
the magnetic dipole ones, i.e., the orbital angular moment
By utilizing the above orbital operators, the orbital parts
the Hamiltonian in Eqs.~4!–~7! are given as

A6
l 5Wi

lWj
l 62OiEv

l OjEv
l , ~9!

Bl5Vi
lWj

l 1Wi
lVj

l , ~10!

C6
l 52~OiT2lOjT2l6OiT1lOjT1l !, ~11!

with

Wi
l5

2

3
2A2

3
OiEu

l , ~12!

Vi
l5

1

3
1A2

3
OiEu

l . ~13!

OiEu
l andOiEv

l are defined by

S OiEu
l

OiEv
l D 5S cos

2p

3
ml sin

2p

3
ml

2sin
2p

3
ml cos

2p

3
ml

D S OiEu

OiEv
D , ~14!

with ml5(1,2,3) for a direction of the bondl 5(x,y,z). In
analogy with the spin Hamiltonian,A6

l andBl correspond to
theSizSjz term, andC1

l andC2
l to theSi 1Sj 21Si 2Sj 1 and

Si 1Sj 11Si 2Sj 2 terms, respectively. The latter term orig
8-2
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nates from the pair- hopping processes which break the
servation of the total electron number at each orbital, e
( i^nixy&.

The effective Hamiltonian for vanadates, where the no
nal electron configuration isd2, is derived in a similar way
from Eq. ~1!. The d2 state is assumed to be the lowest3T1
state due to the Hund rule. The explicit form is given by

HV5HA2
1HE1HT1

1HT2
, ~15!

with

HA2
52JA2(̂

i j &

1

6
~21SW i•SW j !~2A1

l 1A2
l 1Bl22C1

l !,

~16!

HE52JE(̂
i j &

1

6
~12SW i•SW j !~2A1

l 1A2
l 1Bl1C1

l !,

~17!

HT1
52JT1(̂

i j &

1

4
~12SW i•SW j !~A1

l 2C2
l !, ~18!

HT2
52JT2(̂

i j &

1

4
~12SW i•SW j !~Al1C2

l !. ~19!

We introduce the spin operatorSW i with a magnitudeS51,
and the exchange parameters defined byJG5t0

2/DEG , where
DEG5EG

(3)2ET1

(2) with DEA2
5U82I , DEE5DET1

5U8

12I , and DET2
5U814I . It is noted that a similarity be-

tweenHTi andHV is attributed to the fact that, with respe
to the orbital degree of freedom, the high-spin3T1 state for
the d2 configuration in the hole picture is equivalent to t
d1 state in the electron picture. Similar types of the sp
orbital coupled Hamiltonian in the triply degeneratet2g or-
bitals are also derived by several authors for thed1 and d2

systems.16,18,27,30,32,33

In addition to the electronic Hamiltonian, the electro
lattice interactions are introduced. In thet2g orbital systems,
there are two kinds of the JT-type interactions;

HJT5gE (
i ,g5(u,v)

QiEgOiEg1gT2 (
i ,g5(x,y,z)

QiT2gOiT2g ,

~20!

wheregE and gT2
are the coupling constants andQiEg and

QiT2g are the normal modes in an O6 octahedron with sym-

metriesEg andT2g , respectively.QEg directly modifies the
TM-O bond lengths andQT2g modifies the O-TM-O bond
angles.

Energy parameter values have been numerically evalu
by several authors. The effective exchange parametersJS in
the Heisenberg model are obtain from the spin-wave dis
sion relations asJz

S55.5 meV (z axis! andJxy
S 55.8 eV (xy

plane! in the ~S-G/O-C! phase in YVO3, Jz
S52.224 meV,

Jxy
S 52.6 meV in the~S-C/O-G! phase in YVO3 ~Ref. 26!,

and Jz
S5Jxy

S 53 meV in YTiO3 ~Ref. 17!. The effective ex-
07511
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change parameters for the orbital operators in LaVO3 are
also estimated asJz

O[4t0
2/(U82I )533 meV and Jxy

O

52 meV ~Ref. 28!. The JT stabilization energy is obtaine
from the local-density approximation1U method28 as EJT
527 meV which is comparable or larger than the exchan
interactions. The relativistic spin-orbit interaction which
not taken into account in the present model is about 0.4 m
being much smaller than both the exchange and
energies.15 This is consistent with the experimental results
the magnetic x-ray scattering in YTiO3 ; the angular momen-
tum separately estimated from the spin momentum is fo
to be negligibly small.34 Thus, the HamiltonianHTi(V)
1HJT introduced above is the minimal model for examin
tion of OW.

Here we mention the implications of the theoretical mod
for the observed spin/orbital orders. As we have shown
Ref. 13, in the mean-field theory, the large orbital degener
remains in the ferromagnetic~FM! ground state inHTi . A
small perturbation, such as the Jahn-Teller-type distort
the relativistic spin-orbit coupling, the GdFeO3-type lattice
distortion, lifts the degeneracy. We suppose that the Ja
Teller-type distortion with theT2g symmetry,gT2

QiT2
in Eq.

~20!, plays a key role to stabilize the observed mixed orb
order. The~S-C/O-G! order for LaVO3 is reproduced byHV .
The FM ~AFM! order along thec axis ~in the ab plane! is
attributed to the alternate~uniform! alignment of thedyz and
dzx orbitals ~the dxy orbital! along thec axis ~in the ab
plane!. The~S-G/O-C! order for the YVO3 is obtained byHV
and the JT-type interaction with theEg symmetry. The AFM
spin order and the uniform alignment of thedyz(dzx) orbital
along thec axis is stabilized cooperatively, as discussed
the following section.

III. ORBITAL WAVE

The dispersion relations of OW in the orbital-order
states are obtained by utilizing the Holstein-Primakoff tra
formation for the generators in the su~3! algebra.35,36 For
example, at a site where thedxy orbital is occupied, there are
two excitation modes; an excitation between thedxy anddyz
orbitals denoted by a boson operatory (y†), and that be-
tweendxy anddzx denoted byx (x†). The orbital operators
OiGg are transformed into these boson operators as

OiEu5A2

3
2A3

2
~nix1niy!,

OiEv5
1

A2
~niy2nix!,

OiTaz5S 2 i
1 D

a
~yi

†xi6xi
†yi !,

OiTay5S i
1D

a
~A12Niyi6yi

†A12Ni !,
8-3
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OiTax5S 2 i
1 D

a
~xi

†A12Ni6A12Nixi !, ~21!

with a5(1,2). The plus and minus signs inOiTax , OiTay ,

andOiTaz are for thea51 anda52 cases, respectively. W

define Ni5nix1niy , with nix5xi
†xi and niy5yi

†yi . In the
linear spin-wave approximation,A12Ni is replaced by 1.
We have checked that the Green’s-function method
the operatorsOiGg , i.e., GGgG8g8(t2t8,rW i2rW i 8)52 iu(t
2t8)^@OiGg(t),Oi 8G8g8(t8)#&, with the decoupling approxi-
mation, reproduces the calculated results for OW with
boson method introduced above.

In Fig. 1, we present the dispersion relations of OW in
~S-C/O-G! and~S-G/O-C! phases for LaVO3 and YVO3 ~the
low-temperature phase!, respectively. The parameter valu
are chosen to beI /U8[R50.125, gEQE /J050.8, and
gT2

QT2
50. The energy parameters are normalized byJ0

54t0
2/(U82I ) which is estimated to be about 33 meV f

LaVO3 ~Ref. 28! and is supposed to be smaller in YTiO3 due
to the larger GdFeO3-type lattice distortion. The ratios of th
exchange parameters are represented by the parameterR as
JT2

/JT1
5JE /JT1

5(12R)/(112R) and JA2
/JT1

5(1

2R)/(114R). In both the ~S-C/O-G!- and ~S-G/O-C!
phases, there are four modes of OW attributed to the
different orbital occupied sites in a unit cell; there are t
excitationsyA (dxy→dyz) andzA (dzx→dyz) at site A where
the dxy anddzx orbitals are occupied, and the excitationsxB
(dxy→dzx) and zB (dyz→dzx) at site B where thedxy and
dyz orbitals are occupied. Two of the four, i.e.,yA and xB ,
are the local modes within the linear spin-wave theory a
do not show dispersions. This character does not depen
the spin arrangements. These local modes originate from
facts that~1! the exciteddxy hole does not hop along thez

FIG. 1. Dispersion relations of OW in the~S-C/O-G! and~S-G/
O-C! phases for LaVO3 and YVO3 ~the low-temperature phase!,
respectively. The absolute values of the spin-correlation func

between NN sitesu^SW i•SW i 1d&u are 1~bold lines!, 0.5 ~broken lines!,
and 0 ~dotted lines!. The parameter values are chosen to beI /U8
50.125. gEQE /J050.8, andgT2

QT2
50. The dispersion curves in

the ~S-G/O-C! phase and the curve in the~S-C/O-G! phase with

u^SW i•SW i 1d&u51 are doubly degenerate.
07511
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axis due to the orbital symmetry and~2! a coherent motion of
the exciteddxy hole in thexy plane are impossible, since th
motion is associated with increasing the number of
wrong orbital arrangements. The latter implies that the
bital exchange processes do not recover the wrong orb
arrangements, and the triply degenerate orbital mo
is qualitatively different from the Heisenberg model wi
S51. The remaining modes,zA and zB , are dispersive
along the z direction. The dispersion relation of OW i
the ~S-C/O-G! phase is explicitly obtained asE(kW )

5 8
6 JA2

A(K2
x1K2

z)22( 3
2 K1

zcosakz)
2, where we assumeI

50 and gEQE5gT2
QT2

50. We introduce K2
x(z)52

1^SW i•SW i 1dx(dz)
& and K1

x(z)512^SW i•SW i 1dx(dz)
&. This energy

has its minimum atkz50 and the energy gap is attributed
the anisotropy in the orbital space, i.e., a lack of the su~3!
symmetry, in the orbital part of the Hamiltonian. In compa
son with the OW in the~S-C/O-G! phase, the OW in the
~S-G/O-C! phase is barely stable; with decreasing the s
correlation which corresponds to increasing temperature
wardTN , a remarkable softening aroundkW5(0,0,p) occurs.
In the case whereI 50 andgT2

QT2
50, the dispersion rela-

tion is given asE(kW )52
3 JA2

(2K2
z2K1

z)cosakz1A3
2 gEQE

which has its minimum value atkz5p, and the energy gap is
attributed to the JT-type interaction. This result suggests
instability of the~S-G/O-C! phase to the~S-C/O-G! one with
increasing temperature. This is consistent with the exp
mental fact that inRVO3 the O-C phase appears associa
with the S-G order, and is changed into the~S-C/O-G! phase
at 77 K in YVO3.21

In Fig. 2, we present the dispersion relations of OW in t
(dy(x1z) /dy(x2z) /dx(y1z) /dx(y2z))-type OO for YTiO3 . The
FM and paramagnetic spin orders are assumed, and the
change parameter is taken to beR[I /U850.125. The JT-
type interaction parameters are chosen to begEQE /J0
5gT2

QT2
/J051.2, wheregEQE is larger than that in vana

dates andgT2
QT2

is introduced. This is based on a conside

n

FIG. 2. Dispersion relations of OW in the
(dy(x1z) /dy(x2z) /dx(y1z) /dx(y2z))-type OO for YTiO3 . The bold
and broken lines are for the FM and paramagnetic states, res
tively. The parameter values are chosen to beI /U850.125,
gEQE /J05gT2

QT2
/J051.2. The Brillouin zone for the tetragona

symmetry is adopted.
8-4
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ORBITAL WAVE AND ITS OBSERVATION IN . . . PHYSICAL REVIEW B69, 075118 ~2004!
ation that, in comparison with vanadates,J0 is supposed to
be smaller due to the large GeFeO3-type lattice distortion,
and QT2

is found to be larger in the crystal structure

YTiO3 .12,22,23 In contrast to the case of vanadates, all t
eights modes, attributed to the four different orbitals in a u
cell, are dispersive along all the directions in the Brillou
zone. This originates from the OO states with the mix
orbitals where the excitations propagate along the three
rections. The OW dispersions are classified into the t
groups: for example, in the (1/A2)(dxy1dyz) orbital occu-
pied site, the higher-energy bands with smaller band wid
are mainly attributed to the excitations to thedzx orbital, and
the lower-energy ones with a larger width are attributed
the excitations to the (1/A2)(dxy2dyz) orbital.

IV. OBSERVATION OF ORBITAL WAVE

A. Raman scattering

As introduced in Sec. I, in orbital-ordered LaMnO3, the
new peak structures in the Raman spectra were expla
successfully as the scattering from OW.6 Here we consider
the Raman scattering as a possible probe to detect the O
titanates and vanadates with the triply degeneratet2g orbit-
als. It is considered the intersite scattering processes w
OW’s are excited through the electronic exchange proce
between the NN TM sites.37,38 This is attributed to the fac
that the lowest electronic excitations in titanates and va
dates occur across the Mott-Hubbard gap, unlike the man
nites where the electronic excitations across the cha
transfer gap dominate the excitation of OW. Depending
the types of OO, there are the following two scattering p
cesses.

~i! The two-orbiton scattering: Consider a pair of the N
TM sites where the occupied orbitals are different and
pure orbitals~Fig. 3!, such as the OO in vanadates. Throu
the second-order processes of the interaction between
tons and electrons, electrons at the two sites are excha
and, at the final state, the occupied orbitals are change
both the sites. This is the analogous to the two magnon
man scattering in the antiferromagnets. Another two-orbi
process occurs in a pair of the NN TM site where the sa

FIG. 3. Scattering processes in the Raman scattering.~a! and~b!
The two-orbiton scattering processes in the pure OO states.~c! The
one-orbiton scattering processes in the mixed OO state.
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kind of orbitals are occupied. In the intermediate state of
scattering process, where two electrons occupy the sam
bital at a site, the occupied orbital is changed due to
pair-hopping interaction. At the final state, the two orbito
are created.

~ii ! The one-orbiton scattering: When the electrons
cupy the so-called mixed orbital such as that in YTiO3 , the
electron hops from one orbital (g) to the different orbital
(g8) in its NN TM site. When this electron comes back
the orbitalg8 in the initial site, one orbiton is excited.

There are alternate two scattering processes from
where one orbiton is created at a TM site.

~i! An electron is excited from an orbitalg to g8 at the
same site associated with a creation of odd-parity phono
Then, these phonons are annihilated by emitting a pho
Such kinds of the Frank-Condon processes have been
sidered for the orbiton1phonon excitation in the optical con
ductivity spectra, and for the multiphonon excitation in t
Raman spectra.39 The total scattering-cross section ratio
this process to the intersite process is of the order of 123

;1022.
~ii ! The incident photon excites an electron from the 3d g

orbital to one of the 4p orbitals at the same site. Then, th
electron is relaxed to the 3d g8 orbital by emitting a photon.
This scattering-cross-section ratio to the intersite proces
estimated for titanates and vanadates to be of the orde
1021.

Here, we calculate the Raman spectra for the inter
scattering process. It is supposed that this process prov
the main contribution for the OW scattering, in particular,
the two-orbiton energy regions. The energy, momentum,
polarization of initial~scattered! photon arev i(v f), kW i(kW f),
and l i(l f), respectively. The differential scattering cro
section from OW is given as

d2s

dVdEf
5sT

v f

v i
S ma2

\2 D 2
1

2p\E dtei\(v f2v i )t

3(
l l 8

Pll 8S
ll 8~ t !, ~22!

with sT5(e2/mc2)2 and a bond lengtha. Pll 8 is the polar-
ization factor given by

Pll 85~eW kil i
! l~eW kil i

! l 8~eW kfl f
! l~eW kfl f

! l 8 , ~23!

andSll 8(t) is the dynamical correlation function defined b

Sll 8~ t !5^K l~ t !K l 8~0!&, ~24!

with

K l5(
G

(
i

(
d l

HG~ i ,i 1d l !. ~25!

HG( i ,i 1d l) is a term of the effective Hamiltonian given i
Eqs. ~3! and ~15! concerning with a bond connecting sitei
and sitei 1d l . Here,l (5x,y,z) indicates a direction of the
bond andd l56 l̂ . The indexG(5T1 ,T2 ,A1 ,E) classifies
8-5
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the intermediate states. The exchange interactionJG

5t0
2/DEG in HG is replaced byt0

2/@DEG2(v i2v f)# in
HG( i ,i 1d l). This expression is obtained from the secon
order processes of the interactions between photons and
tronic currents between the NN TM sites.

We introduce the orbiton operatorsc̃(kW ) with the energies
E(kW ) which are obtained by diagonalizing the Hamiltoni
represented by the Holstein-Primakoff boson operatorsc(kW ).
This Bogoliubov transformation is given by the matrixV(kW )
as

c̃a~kW !5(
b

cb~kW !Vba~kW !. ~26!

c̃(kW ) has 2N components in the system where the numbe
the OW mode isN, andc̃a(kW ) (a.N) is the creation opera
tor with the conditionc̃a(kW )5c̃a2N(2kW )†. For example,

c̃~kW !5$a1~kW !, . . . ,aN~kW !,a1
†~2kW !, . . . ,aN

† ~2kW !%.
~27!

By using the operators, we obtain

K l5 (
kW ,a,b

c̃a~kW !†hab
l ~kW !c̃b~kW !

1
1

2 (
a

@ga
l c̃a~0!1ga

l* c̃a
†~0!#, ~28!

wherehab
l (kW ) and ga

l are the coefficients. In the pure O
states, the second term vanishes, i.e., the one-orbiton sc
ing is prohibited. Then the Fourier transform of the dynam
cal correlation function in the two-orbiton Raman scatter
is given by

Sll 8~v!5N(
kW

(
a5N11

2N

(
b51

N

d„v2Ea~kW !2Eb~kW !…

3$hab
l ~kW !hba

l 8 ~kW !1hab
l ~kW !ha2Nb1N

l 8 ~kW !%.

~29!

We neglect the orbiton-orbiton interaction for simplicity, an
Sll 8(v) is represented by the convolution of the two O
modes. On the other hand, in the one-orbiton scattering,
dynamical correlation function reflects the OW at the m
mentumkW50 as

Sll 8~v!54N (
a51

N

ga
l ga

l 8d„v2Ea~0!…. ~30!

In Fig. 4, the Raman spectra by OW in the~S-C/O-G! phase
for LaVO3 and in the~S-G/O-C! phase for YVO3 ~the low-
temperature phase! are presented. The two-orbiton scatteri
processes are considered. In spite of these processes, a
peak structure appears at the lower edge of the continu
This is attributed to the one-dimensional character of the O
and the factorhab

l (kW ) in Eq. ~28! which enhances the lowe
edge. As for the selection rule, the Raman scattering is o
07511
-
ec-

f
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-
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-
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active for the (zz) polarization where both the incident an
scattered light polarizations,eW kW il i

and eW kW fl f
, are parallel to

thez axis. Through the interaction with thez-polarized lights,
two electrons are exchanged between thedyz (dzx) orbitals in
the NN sites along thez axis. We mention that the loca
modes discussed in the preceding section, i.e., thedxy→dyz
and dxy→dzx excitations, are not detected by the Ram
scattering, since the exchange processes do not occu
tween thedxy anddyz (dzx) orbitals. In Fig. 5, we show the
Raman spectra from OW in the (dy(x1z) /
dy(x2z) /dx(y1z) /dx(y2z))-type OO. The one-orbiton scatte
ing is considered in the calculation. The spectra being ac
for the (xx) and (x8x8) polarizations are theA1g modes, and
those for the (xx) and (x8y8) ones are theB1g ones. Here,
the x, y, and z directions are chosen to be parallel to t
TM-O bonds, andx85(1/A2)(x1y) and y85(1/A2)(2x
1y). It is worth noting that all modes are inactive for th
(zz) polarization in contrast to the case of vanadates. T
originates from a cancellation from the one-orbiton scatt
ing contributions from sitei and its NN sitei 1dz along the
z direction where the occupied orbitals have the mirror sy
metry in terms of thexy plane between the two.

B. inelastic neutron scattering

Although the Raman scattering is a possible probe to
tect OW as shown in the preceding section, its observatio
limited to be the OW at zero momentum in the one-orbit
scattering, and the joint density of states of OW in the tw
orbiton scattering. In thet2g OO systems of our present in
terest, it is possible to detect by the inelastic neutron sca
ing. Formulate the differential scattering cross section in
scattering of initial ~scattered! neutron with momentum
kW i(kf), energyv i(v f), and polarizationl i( l f)(5x,y,z). The
scattering cross section is given by

FIG. 4. Raman spectraSl il f(v) for the ~S-C/O-G! and ~S-G/
O-C! phases for LaVO3 and YVO3 ~the low-temperature phase!,
respectively. The two-orbiton scattering is considered. The abso
values of the spin-correlation function between NN sit

u^SW i•SW i 1d&u are 1 ~bold lines!, 0.5 ~broken lines!, and 0 ~dotted
lines!. Both the incident and scattered photon polarizations are
allel to thez axis. Other parameter values are the same as thos
Fig. 1.
8-6



on

la

st
f t

cat-
for

eu-

d by

th

c-

d
2.

llel to

-

ctra

are

me

ORBITAL WAVE AND ITS OBSERVATION IN . . . PHYSICAL REVIEW B69, 075118 ~2004!
ds2

dVdv f
5S ge2

mNc2D 2S 1

2
gF~KW ! D 2 kf

ki

3(
l i l f

~d l i l f
2k l i

k l f
!Sl i l f~KW ,v!, ~31!

with KW 5kW i2kW f , v5v i2v f , andkW 5KW /uKW u. Sl i l f(KW ,v) is
the Fourier transform of the dynamical correlation functi
for the angular momentum operatorsLid

l defined by

Sl i l f~rW id2rW i 8d8 ,t !5^Lid
l i ~ t !L

i 8d8

l f ~0!&,

52^OidT1l i
~ t !Oi 8d8T1l f

~0!&, ~32!

where rW id is the position of thedth TM ion in the i th unit
cell. In the linear spin-wave approximation,S(KW ,v) is ob-
tained as

Sl i l f~KW ,v!52N(
dd8

(
a51

N

d„v2Ea~KW !…Dda

l i* D
d8a

l f eiGW •dW dd8,

~33!

whereDda
l is defined by the Fourier transform of the angu

momentum operator,

OdT1l~kW !5(
a

Dda
l ~kW !c̃a~kW !. ~34!

dW dd8 is a vector connecting thedth andd8th TM ions in the
same cell, andGW is the reciprocal-lattice vector. In contra
to the Raman scattering, the momentum dependence o

FIG. 5. Raman spectra for the (dy(x1z) /dy(x2z) /
dx(y1z) /dx(y2z))-type OO state with FM order for YTiO3 . The one-
orbiton scattering is considered. Symbols with vertical lines are
spectral weights of thed function. Continuous lines indicate
Sl il f(v) where thed functions are replaced by the Lorentz fun
tions and the width of the function is chosen to be 0.25J0 . The
polarizations of the incident and scattered photons are denote
(l,l8). Other parameter values are the same as those in Fig.
07511
r

he

dispersion relation is detectable. The magnitude of the s
tering intensity is expected to be the same order with that
the magnetic neutron scattering in magnets withL51.

We present the scattering intensities of the inelastic n
tron scattering in the~S-C/O-G! and~S-G/O-C! phases~Fig.
6!, and those in the FM order with the (dy(x1z)/
dy(x2z) /dx(y1z) /dx(y2z))-type OO ~Fig. 7!. It is noted that
the dispersive OW modes in vanadates are only detecte

e

as

FIG. 6. Contour map of the scattering intensitySzz(v) in the
inelastic neutron scattering in the~S-C/O-G! and~S-G/O-C! phases
for LaVO3 and YVO3 ~the low-temperature phase!, respectively.
The intensity is plotted as a unit of 2/J0 . The spin polarizations of
both the incident and scattered neutrons are chosen to be para

thez axis. The reciprocal vector isGW 5(000). Other parameter val
ues are the same as those in Fig. 1.

FIG. 7. Contour map of the inelastic neutron-scattering spe

Sll 8(v) for the (dy(x1z) /dy(x2z) /dx(y1z) /dx(y2z))-type OO state
with FM order for YTiO3 . The intensity is plotted as a unit of 2/J0 .
The spin polarizations of the incident and scattered neutrons
chosen to be~a! unpolarized and~b! parallel to thez axis. The

reciprocal vector isGW 5(000). Other parameter values are the sa
as those in Fig. 2.
8-7
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the z polarized neutron; the angular momentumLz induces
the excitations between thedyz and dzx orbitals. The local
modes discussed in the preceding section are active for tx
and y polarized neutrons~not shown in Fig. 6!. Therefore,
the modes of OW are identified by utilizing the polariz
neutron scattering. This is also seen in the contour map o
scattering intensity in YTiO3 ; the scattering intensities fo
the OW modes in the higher-energy bands are remarkab
the z-polarized neutrons. This implies that these mod
mainly consist of the excitations between thedzx and dyz
orbitals as explained in Sec. III.

V. SUMMARY AND DISCUSSION

In this paper, a theory of OW in perovskite titanates a
vanadates with the triply degeneratet2g orbitals is present.
We examine the dispersion relations of OW in the~S-C/O-G!
and ~S-G/O-C! phases for LaVO3 and YVO3 ~the low-
temperature phase!, respectively and that in the
(dy(x1z) /dy(x2z) /dx(y1z) /dx(y2z))-type OO for YTiO3 . We
demonstrated that characteristics of OW in these systems
be detected by utilizing the Raman and inelastic neut
scatterings.

In comparison with the OW in the manganites where
eg orbital is ordered, both the excitation spectra and the
servation methods are distinct qualitatively in the presentt2g
orbital system. In particular, this is remarkably seen in va
dates where the so-called pure orbitals are ordered. Thus
selection rules for the Raman and neutron scatterings
strict. For example, the two-orbiton scatterings with thez
polarized photons dominate the Raman spectra. This is
tributed to the orthogonality of the electron transfer integ
between the NN vanadium sites. In the actual vanada
there is the GdFeO3-type lattice distortion which may mak
the one-orbiton scatterings possible. In the recent Ram
v.
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-
Y
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scattering experiments inRVO3, a new peak appears aroun
60 meV in the~S-C/O-G! phase.40 It is confirmed that this
peak is active in the (zz) polarization configuration. We ex
pect that this peak originates from OW excited by the tw
orbiton scattering processes as discussed in Sec. III~Fig. 4!.

In the case of YTiO3 , the dispersion relation of OW an
the Raman- and neutron-scattering spectra are more com
cated than those in vanadates. This is because of the m
OO state with the four different orbitals in a unit ce
The present results are also distinct from those propo
in Ref. 18; the orbital excitations are examined in the O
states with high symmetry being different from th
(dy(x1z) /dy(x2z) /dx(y1z) /dx(y2z))-type OO and incompat-
ible with the crystal symmetry of YTiO3 . In the present re-
sults, as shown in Fig. 2, it is found, in contrast to the p
vious results,18 that there are the anisotropy of the dispersi
relations in thexy plane and along thez axis, the two kind of
groups of the OW with higher and lower energies appe
and the flat bands are not seen along the (ppp)-(pp0)
direction. Actually, the inelastic neutron-scattering expe
ments have started in YTiO3 .41,17 The detailed comparison
between the theoretical calculations and the experime
data can reveal nature of OW as well as that of OO in thet2g
orbital systems.
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