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We present a theory of the collective orbital excitation termed orbital wave in perovskite titanates and
vanadates with the triply degeneratg orbitals. The dispersion relations of the orbital waves for the orbital-
ordered LaVQ@, YVO; and YTiO; 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 thegy orbital-ordered systems.
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. INTRODUCTION quantum fluctuation!*®the predicted orbital state being in-
compatible with the crystal lattice symmetry is different from
When degenerate electron orbitals are partially filled inthe above type of OO.
correlated electron systems, this is recognized to be an inter- A series ofRVO; is systematically examined in the recent
nal degree of freedom belonging to an electron as well astudies'**>1°~*Two electron occupy the triply degenerate
spin and charge. This orbital degree of freedom has recentlgrbitals in a \?* ion. A sequential phase transition is found
attracted much attention especially in transition-métai) in YVO3;1% 2! the G-type OO (O-G) occurs at Too;
oxides™? In particular, the orbital orderingDO) and fluctua- =200 K and the C-type antiferromagnetiaFM) ordering
tion play a key role in anisotropic electric, magnetic, and(S-C) appears af ;=115 K. With further decreasing tem-
optical properties in correlated oxides. perature, another orbital and magnetic transitions appear at
The collective orbital excitation in the orbital-ordered T,=Tgq,=77 K where the C-type OO associated with the
state is known to be orbital wau®W), in analogous to the G-type AFM order{the (S-G/O-Q ordet is realized. On the
spin wave in magnetically ordered state, and its quantizedther hand, in LavQ, the C-type AFM ordering occurs at
object is termed orbiton. The theoretical study of OW hasT, (=143 K) and, at slightly below this temperature, the
started in the idealized spin-orbital coupled model where thes-type OO(the (S-C/O-Q ordep appear$’-??Types of OO
continuous symmetry exists in the orbital spdad pro-  in vanadates are determined that the orbital is occupied at
gressed in the anisotropic orbital modd.realistic calcula-  all the vanadium sites and th, andd,, orbitals are alter-
tion has been done in LaMnQwith the doubly degenerate nately ordered in they plane (the C-type OQ, and in all
€y orbitals® Recently new peak structures observed in thedirection(the G-type 0Q.?#?These kinds of OO are termed
Raman spectra in LaMnQare interpreted as scatterings the pure OO states, and the OO such as realized in YO
from OW?’ Although there are some debates about origin Ofermed the mixed OO from now on. It is suggested that the
the newly found peaks, OW or multiphonofithe energy experimentally observed type of OO in vanadates associated
and polarization dependences of the observed Raman spec{{gh the JT type distortion explains the several optical and
shOV\_/ a good agreement with the calculation based on tthagnetic propertie®:2°
OW interpretation. . Here, we present a theory of OW in titanates and vana-
The perovskite fitanateRTiO; and vanadateRVO;  gates where the orbital-ordered states are confirmed experi-
(R—rare-earth ionwith the triply degeneratty, orbitals are  mentally well. The dispersion relations of OW are examined
another class of materials where OW is expected. One of thg the (S-C/O-G and (S-G/O-Q phases for LaVv@, and
WeII-_known orbital-order_ed _mat(_arial_s is YTiOwhere the YVO, (the low-temperature phaserespectively, and the
nommgl valence_ of the titanium ion |s+§ and one eleqtron (dyoes 2 /Gy /Oy 2 /Oy ) -type OO for YTIOy. The
occupies the triply degeneratie, orbitals. The orbital-  cajculations are based on the effective spin-orbital coupled
ordered state associated with the Jahn-T¢ll@y type lattice  pamiltonians associated with the JT-type electron-lattice
Q|stortlon has been c_onflrmed by the resonant x-ray scatte&oup“ng_ We propose possible scattering processes for the
ings, nuclear-magnetic-resonance, and the polarized neutrogaman and inelastic neutron scatterings from OW and cal-
scattering experiments and so dr? These results almost cyjate the spectra. It is found that the excitation spectra and
coincide with each other: there are four different orbitals in &g opservation methods of OW are distinct qualitatively
unit cell where the wave functions are given as\@)(dyy,  from those for thee, orbital-ordered systems such as man-
+ dyz)v (l/\/z) (dxy_ dyz)= (1/\/5) (dxy+ dzx)a and ganites.
12 (dyy—d,0.* This type of 0O, termed the  In Sec. I, the model Hamiltonian for titanates and vana-
(dy(x+2) /dy(x—2 /Ax(y+2) dxy—2)-type from now on, is also  dates with the triply degenerattg, orbitals are introduced. In
supported by previous calculatiotfs:*® Although an exotic ~ Sec. llI, the dispersion relations of OW for La¥QYVOs5,
orbital state is proposed recently by taking into account thend YTiO; are examined. The scattering spectra for the Ra-
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man and inelastic neutron scatterings from OW are shown in

Sec. IV. Section V is devoted to summary and discussion.

IIl. MODEL HAMILTONIAN

The collective orbital excitations in the orbital-ordered

state are studied in the spin-orbital model derived from the
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di, is the annihilation operator for thg, electron at site
with spino=(T,|) and orbitaly=(yzzx,xy). The number
operators are defined by, d.dewa andn;,=2,nNj,,.
U andU’ are the intra—orb|tal and interorbital Coulomb in-
teractions, respectively,is the exchange interaction, adds
the pair-hopping interactiortﬁ’r in Eqg. (1) is the electron
transfer integral between sifewith orbital y and nearest-
neighboring (NN) site j with y’. In the ideal perovskite
structure, the hopping integral is simplified a§jy'
=190,y (5,=an)*+ 8,=(k)), Wherel indicates a direction of
a bond connecting sitesi and j, and (,k,l)
=(x,Y,2),(Y,2,X),(z,x,y). The electron hopping occurs
through the O P orbitals in between the NN TM sites.

the nominal electron configuration of the TM iond$. This

(I'=T,,T,,E,A;), whereE{*s are the energies of the in-
termediate states£?=U'~1, Ef)=U~1, EP)=U"+1,
and Ef)=U+21, where the relationd)=U"+2I and |
=Jare usedJT1 is the largest among them. The spin degree

of freedom is described by the operatoréi

1Eyssrdlyso'ssrdiysr with the Pauli matrices. The orbital
degree of freedom is represented by the eight orbital opera-
tors O;r-,, classified by the irreducible representations of the
oh group as FY):(EU)! (EU)! (TZX)v (sz), (TZZ)a
(T1x), (Tqy), (T12). These operators are defined by the
generators of the $8) Lie algebra, i.e., the 33 Gell-Mann
matrices\ ,, (I=m~8) as'

-1
Ory=— EB S0 S ®

where (" y,m)=(Eu,8), (Ev,3) (T,x,6), (T2y,4), (T,z,1),
(T1x,7), (T1y,9), (T1z,2). The operator©;e, and Ojr,,
represent the diagonal and off-diagonal components of the
electric quadrupole moments, respectively, e@qqlly does

the magnetic dipole ones, i.e., the orbital angular momentum.
By utilizing the above orbital operators, the orbital parts of
the Hamiltonian in Eqs(4)—(7) are given as

AL =WIW,=20j,Oj¢,, 9
B'=ViW,+WV], (10
Cli:z(oiTZIOjTZIiOiTllojTlI)! (11)

with

We derive the effective Hamiltonian for titanates where 5 5
w-2- [, 1z

Hamiltonian is defined in the Hilbert space where the elec-
tron number per site is restricted to be one or less due to the
strong on-site Coulomb interactions. The Hamiltonian is 1 \F |
classified by the intermediate states of the perturbational pro- §OiEu ' (3

cesses as derived in Ref. 13; _
O}z, andOlg, are defined by

Hyi=Hy +Hr,* Het+Ha,, ()
1 2 1 2 27
with Ol [ “%a™ ™ og)
O,/ 27 2 Oig,/’ 14
3 . . | D —sino-m;  cosZ-m,
Hle—JT1<Z> 2 TS S|(AL+B=Cl), @
ij

with m;=(1,2,3) for a direction of the bonb=(x,y,z). In

1
Hr,=— 1,2 (Z—é-éj (AL+B'+Cl), (5

i)

07511

analogy with the spin Hamiltoniar', andB' correspond to
the S;,S;, term, andC', andC' to theS,S;_+S,_S;; and
S:S++S_S;_ terms, respectively. The latter term origi-

8-2



ORBITAL WAVE AND ITS OBSERVATION IN . . .

PHYSICAL REVIEW B69, 075118 (2004

nates from the pair- hopping processes which break the corthange parameters for the orbital operators in Lg\é@e
servation of the total electron number at each orbital, e.galso estimated asi®=4t%/(U’—1)=33 meV and ng

Zi(Niyy)-

=2 meV (Ref. 28. The JT stabilization energy is obtained

The effective Hamiltonian for vanadates, where the nomifrom the local-density approximatierlJ method® as E,;

nal electron configuration id?, is derived in a similar way
from Eq. (1). The d? state is assumed to be the lowést,
state due to the Hund rule. The explicit form is given by

HVZHA2+HE+HT1+HT2, (15)
with
1 ..
Ha,== a2 (24§ §)(-AL +AL+B!-2C)),
(i
(16)
..
He=—Jc >, g(l—Sq-Sj)(—AL+A',+B'+C'+),
(@)
(17)
1 S | |
Hr, —JT1<2> Z(1-S-§)A-ch), @y
ij
L S . & | |
Hr,=—J1,2 —(1-S-§)(A'+CL). (19
? “(i) 4

We introduce the spin operaté; with a magnitudeS=1,
and the exchange parameters definedlbryt%/A Er, where
AEF=E(F3)—E(T21) with AE =U’'—1, AEg=AE; =U’
+21, andAEr,=U’+4l. It is noted that a similarity be-

=27 meV which is comparable or larger than the exchange
interactions. The relativistic spin-orbit interaction which is
not taken into account in the present model is about 0.4 meV
being much smaller than both the exchange and JT
energies? This is consistent with the experimental results in
the magnetic x-ray scattering in YTiQthe angular momen-
tum separately estimated from the spin momentum is found
to be negligibly smalf* Thus, the Hamiltonian?ry,
+H ;7 introduced above is the minimal model for examina-
tion of OW.

Here we mention the implications of the theoretical model
for the observed spin/orbital orders. As we have shown in
Ref. 13, in the mean-field theory, the large orbital degeneracy
remains in the ferromagneti&M) ground state ;. A
small perturbation, such as the Jahn-Teller-type distortion,
the relativistic spin-orbit coupling, the GdFe®/pe lattice
distortion, lifts the degeneracy. We suppose that the Jahn-
Teller-type distortion with the 54 symmetry,gr,Qir, in Eq.

(20), plays a key role to stabilize the observed mixed orbital
order. The(S-C/O-QG order for LaVG, is reproduced by, .
The FM (AFM) order along thec axis (in the ab plane is
attributed to the alternat@niform) alignment of thed,, and
d,x orbitals (the d,, orbital) along thec axis (in the ab
plane. The(S-G/O-Q order for the YVQ is obtained byH,,
and the JT-type interaction with th&, symmetry. The AFM
spin order and the uniform alignment of tbe,(d,,) orbital
along thec axis is stabilized cooperatively, as discussed in

tweenH andH,, is attributed to the fact that, with respect the following section.

to the orbital degree of freedom, the high-spify, state for

the d? configuration in the hole picture is equivalent to the
d! state in the electron picture. Similar types of the spin-

orbital coupled Hamiltonian in the triply degeneragg or-

bitals are also derived by several authors for dheand d?
System§.6'18'27’30'32'33

Ill. ORBITAL WAVE

The dispersion relations of OW in the orbital-ordered
states are obtained by utilizing the Holstein-Primakoff trans-
formation for the generators in the (8) algebra>>® For

In addition to the electronic Hamiltonian, the electron- example, at a site where tlig, orbital is occupied, there are

lattice interactions are introduced. In thg orbital systems,
there are two kinds of the JT-type interactions;

Hy=0e 2  Qie,Oie,+0r, > Qir,,Oir,
i,y=(uv) iLy=(xy.,2)
(20)
wheregg andgr, are the coupling constants alg, and

Qisz are the normal modes in ang@ctahedron with sym-

metriesEy and T,g, respectivelyQg,, directly modifies the
TM-O bond lengths aansz modifies the O-TM-O bond

angles.

two excitation modes; an excitation between the andd, ,
orbitals denoted by a boson operato(y’), and that be-
tweend,, andd,, denoted byx (x"). The orbital operators
Oir, are transformed into these boson operators as

2 3
Oigu= 3 E(nix_’_niy)y

1
OiEUZE(niy_ Nix) s

Energy parameter values have been numerically evaluated

by several authors. The effective exchange paraméfeis

the Heisenberg model are obtain from the spin-wave disper-

sion relations ag$=5.5 meV @ axis) andJ3,=5.8 eV (xy
plang in the (S-G/O-Q phase in YVQ, J;=2.2—4 meV,
J%,=2.6 meV in the(S-C/O-G phase in YVQ (Ref. 26,
andJ3=J3,=3 meV in YTiO; (Ref. 17. The effective ex-

—i
OiTaz:( 1) (yiTXi_'—_XiTyi);

O = | (VI Ry =y VT,
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FIG. 1. Dispersion relations of OW in tH&-C/O-GQ and(S-G/
0-C) phases for LaV@ and YVO; (the low-temperature phase
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FIG. 2. Dispersion relations of OW in the
(dy(erZ)/dy(XfZ) /dx(erz)/dX(y,Z))'type OO for YTiO;. The bold
and broken lines are for the FM and paramagnetic states, respec-
tively. The parameter values are chosen to IB&’'=0.125,

respectively. The absolute values of the spin-correlation fUnCtiOngQE/JozgTzQTZ/JO:1.2_ The Brillouin zone for the tetragonal

between NN site§(S;- S, 5)| are 1(bold lineg, 0.5 (broken lines,
and 0(dotted line$. The parameter values are chosen tol B¢’
=0.125.9gQe/Jy=0.8, andgTzQT2=O. The dispersion curves in

the (S-G/O-Q phase and the curve in tH&-C/O-G phase with
(S-S, s)|=1 are doubly degenerate.

=i
owz( L] V=N VI=N), (D)
with «=(1,2). The plus and minus signs (DiTax, Oit y,
andOiTaZ are for thea=1 anda=2 cases, respectively. We
define N;=ni+n;,, with nix=x/x_andny,=yly;. In the
linear spin-wave approximationy1—N; is replaced by 1.

symmetry is adopted.

axis due to the orbital symmetry a@) a coherent motion of
the excitedd,, hole in thexy plane are impossible, since this
motion is associated with increasing the number of the
wrong orbital arrangements. The latter implies that the or-
bital exchange processes do not recover the wrong orbital
arrangements, and the triply degenerate orbital model
is qualitatively different from the Heisenberg model with
S=1. The remaining modesz, and zg, are dispersive
along thez direction. The dispersion relation of OW in

the (S-C/O-Q phase is explicitly obtained a£(k)
=%JA2\/(K§+K§)2—(§ ‘cosak,)?, where we assuméd

We have checked that the Green's-function method for=0 and ggQe=gr,Qr,=0. We introduce K@ =2

the operatorsOjp,, i.e., Grypr(t—t',ri—r;)=—id(t
—t"){[Oir(1),0irpr(t")]), with the decoupling approxi-
mation, reproduces the calculated results for OW with th
boson method introduced above.

+(S- §i+5x(5z)> and KX@=1-(§. §i+5x(5z)>' This energy
has its minimum ak,=0 and the energy gap is attributed to

Ghe anisotropy in the orbital space, i.e., a lack of thé3su

symmetry, in the orbital part of the Hamiltonian. In compari-

In Fig. 1, we present the dispersion relations of OW in theSon with the OW in the(S-C/O-G phase, the OW in the

(S-C/O-G and(S-G/0O-Q phases for LavV@and YVG, (the
low-temperature phagerespectively. The parameter values
are chosen to bd/U’'=R=0.125, geQr/Jp=0.8, and
97,Q7,=0. The energy parameters are normalized Jgy
=4t(2,/(U’—I) which is estimated to be about 33 meV for
LaVO; (Ref. 28 and is supposed to be smaller in YEiGue

to the larger GdFeQtype lattice distortion. The ratios of the
exchange parameters are represented by the paraReter
Ir, 31, =Je/Ir =(1-R)/(1+2R) and Jp /7 =(1
—R)/(1+4R). In both the (S-C/O-G- and (S-G/O-Q

(S-G/O-Q phase is barely stable; with decreasing the spin
correlation which corresponds to increasing temperature to-
ward Ty, a remarkable softening arouﬁeb(o,o,w) occurs.

In the case wheré=0 andgTzQT2=0, the dispersion rela-

tion is given as E(lZ)z%JAZ(ZKE—Ki)cosakpL \/ggEQE
which has its minimum value &= 7r, and the energy gap is
attributed to the JT-type interaction. This result suggests an
instability of the(S-G/O-Q phase to théS-C/O-G one with
increasing temperature. This is consistent with the experi-

phases, there are four modes of OW attributed to the twénental fact that irRVO; the O-C phase appears associated
different orbital occupied sites in a unit cell; there are thewith the S-G order, and is changed into {8C/O-G phase

excitationsy, (dy,—dy,) andz, (d,—d,,) at site A where
thed,, andd,, orbitals are occupied, and the excitatiogs
(dyy,—d,, andzg (d,,—d,,) at site B where thel,, and
dy, orbitals are occupied. Two of the four, i.g., andxg,

at 77 K in YVO,.%

In Fig. 2, we present the dispersion relations of OW in the
(dy(x+ 2) /dy(X,Z) /dx(y+ 2) /dx(y,z))-type OO for YTle . The
FM and paramagnetic spin orders are assumed, and the ex-

are the local modes within the linear spin-wave theory an¢hange parameter is taken to Re=I/U’=0.125. The JT-
do not show dispersions. This character does not depend dpe interaction parameters are chosen to de/Jo
the spin arrangements. These local modes originate from the 97,Qr,/Jo=1.2, wheregeQg is larger than that in vana-

facts that(1) the excitedd,, hole does not hop along tie

dates anchZQTz is introduced. This is based on a consider-
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(a) kind of orbitals are occupied. In the intermediate state of the
4 scattering process, where two electrons occupy the same or-
o —— D>——— bital at a site, the occupied orbital is changed due to the
v == i pair-hopping interaction. At the final state, the two orbitons
are created.
(b) < (i) The one-orbiton scattering: When the electrons oc-
Zi => i cupy the so-called mixed orbital such as that in YJjGhe
y —O— >0 electron hops from one orbitaly] to the different orbital
(v") inits NN TM site. When this electron comes back to
(c) the orbitaly’ in the initial site, one orbiton is excited.
yz There are alternate two scattering processes from OW
Sy - 2x) — O D> where one orbiton is created at a TM site.
%(xyﬂx) —> —0— (i) An electron is excited from an orbitat to y’ at the

same site associated with a creation of odd-parity phonons.

FIG. 3. Scattering processes in the Raman scattef@@nd(b)  Then, these phonons are annihilated by emitting a photon.
The two-orbiton scattering processes in the pure OO stade$he  Such kinds of the Frank-Condon processes have been con-
one-orbiton scattering processes in the mixed OO state. sidered for the orbitoft phonon excitation in the optical con-

) ] ) ) . ductivity spectra, and for the multiphonon excitation in the
ation that, in comparison with vanadatds,is supposed 0 Raman spectr¥ The total scattering-cross section ratio of
be smaller due to the large GeFg@pe lattice distortion, this process to the intersite process is of the order 610
and Qr, is found to be larger in the crystal structure of _1g-2
YTiO3.'#%223|n contrast to the case of vanadates, all the (i) The incident photon excites an electron from the3
eights modes, attributed to the four different orbitals in a unitorbital to one of the # orbitals at the same site. Then, this
cell, are dispersive along all the directions in the Brillouin electron is relaxed to thed3y’ orbital by emitting a photon.
zone. This originates from the OO states with the mixedThis scattering-cross-section ratio to the intersite process is
orbitals where the excitations propagate along the three diestimated for titanates and vanadates to be of the order of
rections. The OW dispersions are classified into the twa Q1
groups: for example, in the (@)(dxy+ dy,) orbital occu- Here, we calculate the Raman spectra for the intersite
pied site, the higher-energy bands with smaller band widthscattering process. It is supposed that this process provides
are mainly attributed to the excitations to ttig, orbital, and  the main contribution for the OW scattering, in particular, in
the lower-energy ones with a larger width are attributed tathe two-orbiton energy regions. The energy, momentum, and

the excitations to the ({2)(dyy—d,,) orbital. polarization of initial (scatteretl photon arew;(wy), ki(Ki),
and \;(\¢), respectively. The differential scattering cross
IV. OBSERVATION OF ORBITAL WAVE section from OW is given as
| -A. Ramanl scatte.rlng 2o e ma2\2 1 J oo
As introduced in Sec. |, in orbital-ordered LaMgpQthe m—ﬁa 2 | 2nh €

new peak structures in the Raman spectra were explained
successfully as the scattering from GVMere we consider )
the Raman scattering as a possible probe to detect the OW in x> Py.SY(b), (22
titanates and vanadates with the triply degenergjeorbit- I
als. It is considered the intersite scattering processes wheigith o= (e?/mc?)2 and a bond lengtla. P;. is the polar-
OW's are excited through the electronic exchange processggation factor given by
between the NN TM site¥ 38 This is attributed to the fact
that the lowest electronic excitations in titanates and vana- PII’:(éki)\i)l(éki)\i)l’(ékf)\f)l(ékf}\f)l’! (23)
dates occur across the Mott-Hubbard gap, unlike the manga-
nites where the electronic excitations across the chargeinds''’(t) is the dynamical correlation function defined by
transfer gap dominate the excitation of OW. Depending on
the types of OO, there are the following two scattering pro- St =(K'(tK"(0)), (24)
cesses.

(i) The two-orbiton scattering: Consider a pair of the NN with
TM sites where the occupied orbitals are different and the
pure orbitals(Fig. 3), such as the OO in vanadates. Through I_ -
the second-order processes of the interaction between pho- K ; - (i 61). 9
tons and electrons, electrons at the two sites are exchanged
and, at the final state, the occupied orbitals are changed &tr(i,i+ &) is a term of the effective Hamiltonian given in
both the sites. This is the analogous to the two magnon R&Eds. (3) and (15) concerning with a bond connecting site
man scattering in the antiferromagnets. Another two-orbitornd sitei + 6. Here,|(=Xx,y,z) indicates a direction of the
process occurs in a pair of the NN TM site where the saméond and&,= =1. The indexI'(=T;,T,,A;,E) classifies

075118-5
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the intermediate states. The exchange interactifn 3 T
=t]/AE; in My is replaced byt2/[AE;—(w;— )] in (z2) polarization
Hy(i,i+ 8)). This expression is obtained from the second-
order processes of the interactions between photons and elec-
tronic currents between the NN TM sites.

We introduce the orbiton operatcfﬂ{lZ) with the energies "
E(E) which are obtained by diagonalizing the Hamiltonian X20

: (5-6/0-0)

(unit of 4/J)
N

o » , [<ss>|
represented by the Holstein-Primakoff boson operafdks . i,é 1F —
This Bogoliubov transformation is given by the matkikk) 7] N - 8-5
as Do ,'\\
ol L SN
oK)= K)V g0(K). 26 0 1 2 3
FalK)= 2 400V (K (26 L

%(K) has N components in the system where the number of FIG. 4. Raman spectr&i*(w) for the (S-C/O-G and (S-G/

the OW mode i\, and,(K) (a>N) is the creation opera- O-C) phases for Lav@ and YVO; (the low-temperature phase
. T DY T vt respectively. The two-orbiton scattering is considered. The absolute
tor with the conditiony, (k) = #,-n(—k)". For example, values of the spin-correlation function between NN sites

TR ={a,(K), ... ayK).al(=k), ... al(=K)1. (S-Si+5)| are 1(bold lines, 0.5 (broken liney, and O (dotted
Pk ={au(k) N(K),a(—k) n(—R} (27) lines). Both the incident and scattered photon polarizations are par-
allel to thez axis. Other parameter values are the same as those in
By using the operators, we obtain Fig. 1.
K= 2 EQ(E)ThLB(E)TﬁB(E) active for the ¢2 po!arlz.athn whereﬁboth the incident and
kB scattered light poIarlzat|0n£|;iAi and &\, are parallel to
1 [~ o~ thez axis. Through the interaction with ttzepolarized lights,
+3 > [0 8,(0)+ 9L ¥l(0)], (28)  two electrons are exchanged betweendfg(d,,) orbitals in

the NN sites along the axis. We mention that the local

wherehl 4(k) and g, are the coefficients. In the pure OO modes discussed in the preceding section, i.e.die-dy,
states, the second term vanishes, i.e., the one-orbiton scatt@?d dxy—dzx excitations, are not detected by the Raman
ing is prohibited. Then the Fourier transform of the dynami-SCattering, since the exchange processes do not occur be-

cal correlation function in the two-orbiton Raman scatteringtVeen thed,, anddy, (d,,) orbitals. In Fig. 5, we show the

is given by Raman spectra from OW in the_ dfxr2/
dy(x—2)/dx(y+2)/dxy—2)-type OO. The one-orbiton scatter-
) 2N N _ _ ing is considered In the calculation. The spectra being active
S (w)=NX % ) 1321 8(w—E(K)—Eg(k) for the (xx) and ('x’) polarizations are th&,, modes, and
k a=N+ =

those for the xx) and 'y’) ones are thd,, ones. Here,

I ol o Lol - the x, y, and z directions are chosen to be parallel to the
X {Nap(K)Nga(K) +hag(k)Ny - ngn (k)] TM-O bonds, andx’=(1/y2)(x+y) andy’=(1/y2)(~x

(29 +vy). It is worth noting that all modes are inactive for the

(z2) polarization in contrast to the case of vanadates. This
originates from a cancellation from the one-orbiton scatter-
ing contributions from sité and its NN sitei + &, along the
¢ direction where the occupied orbitals have the mirror sym-
metry in terms of thexy plane between the two.

We neglect the orbiton-orbiton interaction for simplicity, and
S (w) is represented by the convolution of the two OW
modes. On the other hand, in the one-orbiton scattering, th
dynamical correlation function reflects the OW at the mo-

mentumk=0 as
N B. inelastic neutron scattering

S"(w)=4N 21 9,95 8(@—E,(0)). (30 Although the Raman scattering is a possible probe to de-
“ tect OW as shown in the preceding section, its observation is
In Fig. 4, the Raman spectra by OW in tt&C/O-G phase limited to be the OW at zero momentum in the one-orbiton
for LaVO; and in the(S-G/O-Q phase for YVQ (the low-  scattering, and the joint density of states of OW in the two-
temperature phagare presented. The two-orbiton scatteringorbiton scattering. In thé,; OO systems of our present in-
processes are considered. In spite of these processes, a shiamest, it is possible to detect by the inelastic neutron scatter-
peak structure appears at the lower edge of the continuuning. Formulate the differential scattering cross section in the
This is attributed to the one-dimensional character of the OWécattering of initial (scattered neutron with momentum

and the factoh!, 5(k) in Eq. (28) which enhances the lower k(k;), energyw;(wy), and polarization;(I)(=x,y,z). The
edge. As for the selection rule, the Raman scattering is onlgcattering cross section is given by
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1.0 (xx) ' ' -
(@) 2} (5-C/0-G) Kss>1=0]
05
0.0f ! [<SS>|=11
’;:, 0.5} (b) (X,X,) _)o
> s
= >
‘5 g 1} (S-G/0-C) -
= i
1.0} (xy")
% 05
0.0t e—oL 0 .
0 1 2 3 4 X r z
Energy/J0 FIG. 6. Contour map of the scattering intens8(w) in the

inelastic neutron scattering in tti&-C/O-G and(S-G/O-Q phases
FIG. 5. Raman spectra for the dyy+z/dyx—z/ for LavVO; and YVO; (the low-temperature phaserespectively.
dx(y+2 /dx(y-2)-type OO state with FM order for YTiQ The one-  The intensity is plotted as a unit ofZ/. The spin polarizations of
orbiton scattering is considered. Symbols with vertical lines are théyoth the incident and scattered neutrons are chosen to be parallel to
spectral weights of thes function. Continuous lines indicate thez axis. The reciprocal vector i&=(000). Other parameter val-
S'i*(w) where thes functions are replaced by the Lorentz func- ,es are the same as those in Fig. 1.
tions and the width of the function is chosen to be 0g5The

polarizations of the incident and scattered photons are denoted as ) o )
(A\,\"). Other parameter values are the same as those in Fig. 2. dispersion relation is detectable. The magnitude of the scat-

tering intensity is expected to be the same order with that for

do? 2\2/1 2y the magnetic neutron scattering in magnets With1.
o _| ¢ (_gp(lz)) f We present the scattering intensities of the inelastic neu-
dQdw; \myc?/ \2 ki tron scattering in théS-C/O-G and (S-G/O-Q phasegFig.

6), and those in the FM order with thedyy.,/

XD (61— 1.6 )ST(K, ), (31) dy(x,;)/dx(y_ﬂ)/dx(y,z))-type_ OO (Fig. 7). It is noted that
i P the dispersive OW modes in vanadates are only detected by

with K=k — Kk, w=o0;— o, andx=K/|K|. Si"(K,») is

the Fourier transform of the dynamical correlation function 4t (@) |unpolarized 1 (b) z_po|;.rized _
for the angular momentum operatdlr‘§j defined by | p—
Gz = : |
Si(rig—rirg ,t)=(L:‘d(t)Lif,d,(O)>, ( | . —
3F 4
=2(Ojgr,1,(1)Ojrar7,1,(0)), (32) 24 05
. y o - | 12 0.24
wherer;q is the position of thedth TM ion in theith unit > .
cell. In the linear spin-wave approximatioﬁ(K,w) is ob- g 2r T 0
tained as wi ™1
,'\\ ]
N * - = \
S"(K,0)=2NY X 8(w—E,(K))D} D\ e, 1k S
dd’ =1
(33
whereD'da is defined by the Fourier transform of the angular 0 l l
z r M XZ T M X

momentum operator,
FIG. 7. Contour map of the inelastic neutron-scattering spectra

" o~ I’
(o) (k)zz Dla(k) LK) (34) S’ (w) for the (dy(x+z/dyx—2/dxy+2/dxy-2)-type OO state
aTy! i v with FM order for YTiO;. The intensity is plotted as a unit ofJy/.

S ) ) ) ) The spin polarizations of the incident and scattered neutrons are
dgar Is @ vector connecting théth andd’th TM ions in the  chosen to bea) unpolarized andb) parallel to thez axis. The

same cell, and5 is the reciprocal-lattice vector. In contrast reciprocal vector i$5=(000). Other parameter values are the same
to the Raman scattering, the momentum dependence of the those in Fig. 2.
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the z polarized neutron; the angular momentiyinduces  scattering experiments RVO3, a new peak appears around
the excitations between th#,, and d,, orbitals. The local 60 meV in the(S-C/O-G phase® It is confirmed that this
modes discussed in the preceding section are active for thepeak is active in thezz) polarization configuration. We ex-
andy polarized neutrongnot shown in Fig. & Therefore, pect that this peak originates from OW excited by the two-
the modes of OW are identified by utilizing the polarized orbiton scattering processes as discussed in SeFidl 4).
neutron scattering. This is also seen in the contour map of the |n the case of YTiQ, the dispersion relation of OW and
scattering intensity in YTiQ; the scattering intensities for the Raman- and neutron-scattering spectra are more compli-
the OW modes in the higher-energy bands are remarkable igated than those in vanadates. This is because of the mixed
the zpolarized neutrons. This implies that these modesDO state with the four different orbitals in a unit cell.
mainly consist of the excitations between tig, andd,,  The present results are also distinct from those proposed

orbitals as explained in Sec. Il in Ref. 18; the orbital excitations are examined in the OO
states with high symmetry being different from the
V. SUMMARY AND DISCUSSION (dyx+2)/dy(x—2 /dx(y+ 2 /dxy-2)-type OO and incompat-

ible with the crystal symmetry of YTiQ In the present re-
ults, as shown in Fig. 2, it is found, in contrast to the pre-
vious results® that there are the anisotropy of the dispersion
relations in thexy plane and along theaxis, the two kind of
groups of the OW with higher and lower energies appeatr,
and the flat bands are not seen along ther{r)-(7m0)

In this paper, a theory of OW in perovskite titanates an
vanadates with the triply degenerdtg orbitals is present.
We examine the dispersion relations of OW in {8eC/O-Q
and (S-G/O-Q phases for Lav@ and YVO; (the low-
temperature phage respectively and that in the

(dy(x+2) /dy(x—2) [ Oxy+9) [ Dxy-z))type OO for YTiQy. We  giraction, Actually, the inelastic neutron-scattering experi-
demonstrated that characteristics of OW in these systems Callants have started in YTgO“l'” The detailed comparison

be detected by utilizing the Raman and inelastic NeUtORetween the theoretical calculations and the experimental

scatterings. d ;
. . . . ata can reveal nature of OW as well as that of OO inthe
In comparison with the OW in the manganites where the e

gy orbital is ordered, both the excitation spectra and the ob9rbltal systems.
servation methods are distinct qualitatively in the presgnt
orbital system. In particular, this is remarkably seen in vana-

dates where the so-called pure orbitals are ordered. Thus, the Author would like to thank S. Maekawa, N. Nagaosa, G.
selection rules for the Raman and neutron scatterings an€haliullin, T. Hatakeyama, and S. Okamoto for their valu-
strict. For example, the two-orbiton scatterings with the able discussions, and also thank Y. Tokura, S. Miyasaka, S.
polarized photons dominate the Raman spectra. This is aBhamoto, and S. Sugai for providing unpublished experimen-
tributed to the orthogonality of the electron transfer integraltal data. This work was supported by KAKENHI from
between the NN vanadium sites. In the actual vanadate$/EXT, and KURATA foundation. Part of the numerical cal-
there is the GdFe@type lattice distortion which may make culation has been performed by the supercomputing facilities
the one-orbiton scatterings possible. In the recent Ramarnn IMR, Tohoku University.
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