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The orders and excitations in spin and orbital sectors have been investigated for perovskite-type RVO3 �R
=La, Nd, and Y� by measurements of Raman scattering spectra. The orbital excitation bands emerge in the
C-type spin- and G-type orbital-ordered phases commonly for the three RVO3 compounds. The investigation of
resonance effect on the Raman scattering spectra indicates the quasi-one-dimensional orbital excitation corre-
sponding to the exchange of the occupied orbital state �yz or zx state� on the neighboring sites, to be termed a
two-orbiton in analogy to two-magnon in antiferromagnetically ordered states. Among the three compounds,
YVO3 alone undergoes the phase transition from the C-type spin- and G-type orbital ordered state to G-type
spin- and C-type orbital-ordered one, as temperature is lowered. In the lowest-temperature ordered phase, the
Raman band assigned to two-magnon excitation is observed. In these compounds, structural distortions
coupled with the respective orbital orders activate the specific Raman bands assigned to oxygen stretching
modes. In the G-type orbital-ordered phase in YVO3, the phonon mode shows a two-peak feature, while that
in other compounds the single-peak one. This suggests that the nominally G-type orbital-ordered state in YVO3

involves the short-range correlation or fluctuation of the orbital C-type, making this phase distinct from the
prototypical G-type orbital ordered state as in LaVO3 and NdVO3.
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I. INTRODUCTION

Transition-metal oxides with perovskite or related struc-
tures offer a source of intriguing physics, such as Mott
transition,1,2 high-temperature superconductivity,3 and the
colossal magnetoresistance �CMR�.4 Recent investigations
on the CMR manganites have raised great interest in the
interplay among spin, charge, orbital, and lattice degrees of
freedom. Among them, the research on the orbital ordering
and related phenomena has been accelerated by discovery of
CMR in hole-doped perovskite-type manganese oxides, and
orbital physics has become one of the most important topics
in condensed matter physics.5 Long range order of orbitals
allows the orbital excitation as its dynamical disorder. The
collective orbital excitation in the orbital-ordered state is
termed the orbital wave or orbiton, in analogy to the spin
wave or magnon in the magnetically ordered state. One such
compound, where the orbiton has been observed, is LaMnO3
with the ordering of eg orbital.6 In this system, the strong
Jahn-Teller coupling suppresses the quantum fluctuation, and
resultantly the orbital behaves semiclassically. Compared
with the manganites, the perovskite-type vanadium oxide
RVO3 �R= rare-earth ion or Y�, which shows the ordering of
the t2g orbital, is an ideal system to study the quantum dy-
namics of orbitals. This is because the Jahn-Teller coupling

energy is much less in the t2g electron systems than in the eg
ones.7

The vanadium oxide RVO3 is a prototypical t2g electron
system with the close interplay between orbital and spin de-
grees of freedom. This system has a Pbnm orthorhombic
structure with lattice constants of a�b�c /�2 at room tem-
perature. These compounds exhibit two kinds of spin- and
orbital-ordered states depending on the R-site ions. Figure
1�a� reproduces a phase diagram of spin ordering �SO� and
orbital ordering �OO� in this system.8 The patterns of the SO
and OO in this system are schematically shown in Figs. 1�b�
and 1�c�. All RVO3 undergo a magnetic transition from para-
magnetic to C-type antiferromagnetic and also a lattice-
structural phase transition from orthorhombic to monoclinic
lattice accompanied concomitantly with the G-type OO as
temperature is lowered. Two electrons are present in the t2g
sector of V3+. One electron always occupies dxy orbital due
to the symmetry-lowered crystal field by the orthorhombic
distortion, which is coupled ferromagnetically �through
Hund’s-rule coupling� to the other electron in either dyz or dzx
orbital forming a spin S=1. These spins are arranged ferro-
magnetically along the c axis and antiferromagnetically in
the ab plane �spin C-type�,9–11 while the dyz/dzx-orbital order
is alternating in all the orthogonal directions �orbital
G-type�.12–14 As shown in Fig. 1�a�, the C-type SO and

PHYSICAL REVIEW B 73, 224436 �2006�

1098-0121/2006/73�22�/224436�9� ©2006 The American Physical Society224436-1

http://dx.doi.org/10.1103/PhysRevB.73.224436


G-type OO transition temperatures TSO1 and TOO1, respec-
tively, depend on the ionic radius of the R-site ion, which
controls the degree of the tilting of VO6 octahedra in dis-
torted perovskite lattice.8 The compounds with R=Lu to Pr
undergo the orthorhombic-monoclinic structural phase tran-
sition concomitantly with the G-type OO at TOO1 ��TSO1�,
indicating that the orbital correlation persists at high tem-
perature without long-range magnetic ordering. As the ionic
size of the R-site increases from Lu to La, the deviation of
the V-O-V bond angle from 180 degrees as well as Jahn-
Teller distortion of VO6 octahedra gradually decreases. The
increase of the V-O-V bond angle results in increase of
transfer interaction and hence in enhancement of the spin and
orbital exchange interactions between the nearest-neighbor V
sites.9,13,14 The TSO1 monotonously increases perhaps due to
the increase of exchange interaction as the R-site is changed
from Lu to Pr. With the increase of the R-site ionic radius, on
the other hand, TOO1 reaches the maximum around R=Gd
and decreases towards R=Pr. This is perhaps a result of the
competition between the increase of the orbital exchange in-
teraction and the suppression of the Jahn-Teller instability.
For CeVO3 and LaVO3 with small orthorhombic lattice dis-
tortion, the C-type spin correlation appears to develop pri-
marily and then induces the G-type OO. In RVO3 with the

large orthorhombic lattice distortion, by contrast, another SO
and OO pattern shows up as the ground state; that is the
G-type SO with the antiferromagnetic coupling between V3+

�S=1� spins in all the orthogonal directions and the C-type
OO with the alternate dxy

1 dyz
1 /dxy

1 dzx
1 electron configuration in

the ab plane and the identical one along the c axis at the
ground state. YVO3, which shows a temperature-induced
magnetization reversal phenomenon,15 is located near the
boundary between these two spin- and orbital-ordered phases
in the phase diagram, and undergoes the subsequent mag-
netic transition from C type to G type with decreasing
temperature.8,10–13 Below the G-type SO transition tempera-
ture �TSO2�, the pattern of the OO concomitantly turns into C
-type, accompanying the lattice-structural change due to the
collective Jahn-Teller distortion.

In the RVO3, the long-range SO provides an interesting
laboratory for investigating the orbital dynamics. There are
two reasons to treat the spin and the orbital unequally. One is
that the spin has S=1, while the orbital pseudospin T=1/2
reflecting the two possible states dyz and dzx. This means that
the quantum fluctuation of the orbital is stronger than that of
the spin. The other reason is that the exchange interaction is
three dimensional for spins, while it is quasi one dimensional
for orbitals particularly in the C-type spin ordered phase in
RVO3. This is due to the destructive interference of various
orbital exchange processes, as revealed by previous
studies.16–18 Therefore, the spin can be regarded as a classi-
cal variable forming a three-dimensional long-range order,
providing a quasi-one-dimensional model for the orbital dy-
namics. This has recently been investigated in terms of a spin
wave approximation for the orbital pseudospin.19 Consider-
ing the one-dimensional �1D� nature of the quantum orbital
dynamics more explicitly, the theoretical treatment based on
the 1D fermion �pseudo-spinon� picture was adopted to de-
scribe the 1D-like orbital excitation by Miyasaka et al.20 We
report here a comprehensive experimental study on the Ra-
man scattering spectra in this quasi-one-dimensional orbital
system, i.e., in the C-type spin- and G-type orbital-ordered
state. A part of results on this issue was already published.20

Here, we take the same assignment of the orbital excitation
bands as done in Ref. 20. In this paper, we report more
detailed results of experimental study, not only for R=La and
Nd but also for R=Y at temperatures in between TOO2
=TSO2 and TSO1. An appreciable variation of the Raman
spectra in the spin C-type and orbital G-type state is noted
with change of R=La/Nd to R=Y. As mentioned above,
YVO3 undergoes another SO and OO transition to the spin
G-type and orbital C-type state. To clarify the lattice, spin,
and orbital dynamics in this G-type spin- and C-type orbital-
ordered state, we report results of Raman scattering spectra
also for this low-temperature phase of YVO3.

II. EXPERIMENTAL PROCEDURES

A. Sample preparation

Single crystals of RVO3 �R=La, Nd, and Y� were grown
by the floating zone method. Polycrystalline powder was first
prepared by solid-state reaction using R2O3 and V2O5 as
starting materials. The mixed powders of the starting mate-

FIG. 1. �Color online� �a� Spin-orbital phase diagram of
RVO3 �R=Y-La� as reproduced from Ref. 8, where rR on the ab-
scissa is the R-site ionic radius. Closed and open circles, and open
triangle indicate the transition temperatures of the G-type orbital
ordering �OO� �TOO1�, the C-type spin ordering �SO� �TSO1�, and
the G-type SO and C-type OO �TSO2=TOO2�, respectively. �b�, �c�
The schematic structures of the G-type SO and C-type OO, and the
C-type SO and G-type OO in RVO3, respectively. Open arrows and
lobes indicate spins, and occupied dyz and dzx orbitals on the vana-
dium ions, respectively. The commonly occupied dxy orbitals are
displaced for clarity.
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rials were reacted at 600 and 1200 °C in flow of forming gas
of Ar/H2 �93/7% �. The powders were pulverized again and
sintered at 1350 °C in the same condition. Then the powders
were pressed into a rod ��5 mm��100 mm� and sintered
at 1500 °C for 10 h in flow of forming gas of Ar/H2. The
crystal growth was performed on this sintered rod using a
halogen-lamp image furnace at a rate of 20–30 mm/h under
an atmosphere of pure Ar. The obtained crystals were pulver-
ized and checked by powder x-ray diffraction with Cu K�
radiation. The cation ratio of the growth crystals was also
checked by the inductively coupled plasma atomic emission
spectroscopy. The grown crystals of RVO3 were confirmed to
be detwinned between the ac and bc planes by Laue reflec-
tion and single-crystal x-ray diffraction with a four-circle
diffractometer. The single crystals were oriented with use of
Laue-diffraction patterns, and cut into plates with the �a
+b�c and ab surfaces. The surfaces of the RVO3 crystals
were polished to optical flatness with alumina powder. To
remove the mechanical stress induced by surface-polishing,
we annealed the crystals at 1000 °C for 24 h in flow of
forming gas of Ar/H2 �93/7% �.

B. Raman scattering measurements

In the measurements of polarized Raman spectra, light
�0.5 mW� from a He-Ne laser �1.96 eV� or from an Ar ion
laser �2.41 or 2.71 eV� was focused onto a spot in 0.01 mm
diameter on the sample surface. For the present study, we
employed the backscattering configuration. The scattering
light was dispersed by a triple monochromator and detected
with a liquid-nitrogen-cooled charge-coupled device �CCD�
detector. The spectral intensities were calibrated to the in-
strumental sensitivity and corrected by the absorption coef-
ficient and reflectivity of the incident and scattered lights,
which were derived from optical reflectivity data. Polarized
geometry is described using the conventional notation
ki�ei es�ks, where ki and ei represent the propagation direction
and the polarization of the incident light, respectively, and ks
and es those of the scattered light. Optical axes, x, y, and z
are taken parallel to the orthorhombic crystal axes, a+b, a
−b, and c, and hence nearly to the directions of V-O-V
bonds.

III. C-TYPE SPIN- AND G-TYPE ORBITAL-ORDERED
PHASE

In this section, we represent the experimental results in
the C-type spin- and G-type orbital-ordered phase, and dis-
cuss the phonon modes coupled with the orbital ordering as
well as the orbital excitations in this one-dimensional orbital
system. In Fig. 2, we display the Raman scattering spectra at
various temperatures in the polarization configurations of
y�zz�ȳ and y�xx�ȳ for LaVO3, NdVO3, and YVO3 single
crystals. The Raman spectra for the polarization configura-
tions of y�zx�ȳ, y��x�x��ȳ�, z�x�y��z̄, and z�xy�z̄ were also
measured, where x+y=x� and x−y=y�. No additional elec-
tronic Raman band is discerned in the spectra for these po-
larizations in the C-type spin- and G-type orbital-ordered
phase except for the originally active phonon modes. First,

we briefly discuss the phonon modes activated by the G-type
OO. At room temperature, several phonon modes are ob-
served in the y�zz�ȳ spectra in RVO3 �R=La, Nd, and Y�.
The Raman bands around 35 and 53 meV in LaVO3, around
37 and 54 meV in NdVO3, and around 41 and 58 meV in
YVO3 are assigned to oxygen bending and Jahn-Teller
modes, respectively. In YVO3, another phonon mode related
with the rotation of the VO6 octahedra is also observed
around 34 meV. The phonon mode of the same origin ap-
pears around 23 meV in LaVO3 and around 27 meV in
NdVO3 �see Fig. 4�. As the ionic size of R is decreased from
La to Y in RVO3, the orthorhombic distortion, which shows
the same tilting habit of VO6 octahedra as the collective
Jahn-Teller one coupled with the G-type orbital ordering,
increases gradually. The decrease of the V-O-V bond angle
and increase of the Jahn-Teller distortion cause the system-
atic enhancement and shift of the oxygen bending and Jahn-
Teller modes. As temperature is decreased, additional peaks
due to oxygen stretching mode, which are indicated by

FIG. 2. �Color� Raman scattering spectra for the polarization
configurations of y�zz�ȳ and y�xx�ȳ at various temperatures in �a�
LaVO3, �b� NdVO3, and �c� YVO3 with the exciting photon energy
of 1.96 eV. The 43 and 62 meV peaks in y�zz�ȳ polarization in the
C-type spin- and G-type orbital-ordered phase, indicated by the
filled black triangles, are assigned to the two-orbiton excitation of
highly one-dimensional character, while those between 85 and
90 meV in y�xx�ȳ polarization, by a closed red triangle, to the pho-
non mode observed in the G-type orbital-ordered phase. Here, TOO1,
TSO1, and TSO2�=TOO2� are the transition temperatures of the G-type
orbital ordering, the C-type spin ordering, and the G-type spin and
C-type orbital ordering, respectively. Other peak structures appear
in the G-type spin- and C-type orbital-ordered phase in YVO3 �T
�TSO2�. The 50 meV band in y�zz�ȳ polarization, indicated by an
open black triangle, has magnetic origin, while the 83 meV one in
y�xx�ȳ polarization, by an open red triangle, are assigned to the
phonon mode in this spin- and orbital-ordered state �see text�.
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closed red triangles in Fig. 2, appear at 89 meV in LaVO3, at
87 meV in NdVO3, and at 86 meV in YVO3 below TOO1
�=141, 187, and 200 K, respectively� in the polarization con-
figuration of y�xx�ȳ. These phonon modes are observed also
in the z�x�y��z̄ spectra. According to the factor group analy-
sis, the Pbnm orthorhombic symmetry in RVO3 at room tem-
perature allows 24 Raman active modes, 7Ag+5B1g+7B2g
+5B3g. In the temperature region of T�TOO1, the Pbnm
orthorhombic lattice symmetry is lowered into the P21/a
monoclinic form in RVO3, and the phonon modes are mixed
up and sorted into Ag and Bg representations 7Ag+5B1g
→12Ag and 7B2g+5B3g→12Bg.8,13,14,21–23 Below TOO1, all
the phonon modes in y�zz�ȳ and y�xx�ȳ configurations have
the Ag symmetry. The Raman bands between 85 and 90 meV
in the polarization configuration of y�xx�ȳ, which have the
B1g symmetry in the original Pbnm lattice, appear only in the
monoclinic phase coupled with the G-type OO.8

Among these three compounds, YVO3 undergoes the sec-
ond spin- and orbital-ordering transition at TSO2=TOO2
=71 K, as temperature is lowered. This magnetic and orbital
transition is accompanied by the structural change from the
intermediate-temperature monoclinic phase to the lowest-
temperature orthorhombic one with Pbnm symmetry.8,11–13

In the intermediate-temperature region of TSO2=TOO2�T
�TOO1, the Raman spectra in the polarization configuration
of y�xx�ȳ in YVO3 have two peaks around 85 meV.24 In the
G-type orbital-ordered phase, the intensity of the higher-
lying peak at 86 meV is larger than that of the lower-lying
one at 83 meV. As shown in Figs. 2�c� and 3�c�, the higher-
lying 86 meV phonon mode disappears below TSO2, while
the lower-lying 83 meV one survives and its intensity is re-
markably enhanced. The 86 and 83 meV Raman bands in
YVO3 are related closely with the intermediate-temperature
monoclinic structure accompanied by the G-type OO, and
with the low-temperature orthorhombic one coupled with the
C-type OO, respectively. In the next session �Sec. IV�, the
two-peak feature in the intermediate-temperature phase of
YVO3 are discussed in detail. The band around 50 meV in
the y�zz�ȳ spectra below TSO2 �indicated by an open triangle
in Fig. 2�c�� is also explained in Sec. IV.

In the C-type spin- and G-type orbital-ordered phase, new
bands emerge around 43 and 62 meV in the polarization con-
figuration of y�zz�ȳ, as indicated by closed black triangles in
Fig. 2. Below TOO1, the 43 and 62 meV peaks in y�zz�ȳ
polarization appear in LaVO3, where the magnetic transition
occurs right above TOO1 �TSO1=143 K in LaVO3�. On the
other hand, these peaks are discerned only below TSO1�=138
and 116 K, respectively� in NdVO3 and YVO3, which un-
dergo the G-type OO far above TSO1. We assign these bands
to the orbital excitations on the basis of the following argu-
ments. �As for the general difficulty to distinguish the orbital
excitation and multiphonon mode, see also the controversy
reported by the papers in Ref. 6.�

First, width of the peaks is much broader than those of the
single k=0 phonons, and additionally the 62 meV band has a
distinctly asymmetric shape. As for the 62 meV band, any
plausible combinations of the lower-lying Raman and infra-
red phonon modes cannot account for its Raman shift, which
excludes a possibility of two- �or multi�phonon excitation as

the origin of this Raman band. The peak energy of the
43 meV would not be inconsistent with two-phonon process
of the infrared-active external mode �corresponding to rare-
earth motion� in LaVO3 and NdVO3. However, such a mode
couples most weakly with electronic state of V atoms. It is
not reasonable to assume that only the two-phonon band of
the rare-earth mode could be sensitively activated only be-
low TSO1. The 43 meV mode is also observed in the C-type
spin- and G-type orbital-ordered state in YVO3, where twice
of the rare-earth mode frequency shows no more coincidence
with the 43 meV band.21 As shown in Fig. 3, the temperature
dependence of the band around 62 meV is clearly different
from that of the 86–89 meV phonon band that stands for the
OO induced lattice distortion. The steep rise of the intensity
of the 62 meV band below TSO1 indicates that this �as well as
43 meV� band is inherent to the concomitantly C-type spin-
and G-type orbital-ordered state. Moreover, the linewidth of
the band around 62 meV critically increases as temperature
is increased toward TSO1, whereas those of phonons are
almost unchanged apart from conventional thermal
broadening.20 In addition, Raman shifts of phonon increase
systematically as the ionic size of R is decreased from that of
La to Y, while those of the peaks around 43 and 62 meV are
almost unchanged. These features imply that these two bands
around 43 and 62 meV have a magnetic or electronic origin.

FIG. 3. Temperature dependence of the integrated Raman scat-
tering intensity of the peak around 62–63 meV in the polarization
configuration of y�zz�ȳ �closed circles� and that around 86–89 meV
in y�xx�ȳ �open circles� for �a� LaVO3, �b� NdVO3, and �c� YVO3.
The peak structures in the polarization configuration of y�zz�ȳ are
assigned to the two-orbiton excitations, while those in y�xx�ȳ to the
phonon modes. Vertical broken, dash-dotted, and double-dash-
dotted lines indicated the transition temperatures of the C-type spin
ordering �TSO1�, the G-type orbital ordering �TOO1�, and the G-type
spin and C-type orbital ordering �TSO2=TOO2�, respectively. Solid
lines are the guide to the eyes.

MIYASAKA et al. PHYSICAL REVIEW B 73, 224436 �2006�

224436-4



However, genuine charge excitations cannot be responsible
for these bands, because the lowest Mott-Hubbard gap en-
ergy is too large ��2 eV�, as described later. On the other
hand, magnon excitations are almost gapless and the ob-
served peak energies are too high to ascribe to the single
magnon band. Furthermore, in the C-type spin-ordered state
which has a ferromagnetic order along the c axis, two-
magnon excitation is prohibited in the polarization configu-
ration of y�zz�ȳ. In contrast to the almost constant Raman
shifts of 43 and 62 meV peaks in LaVO3 and YVO3, spin-
wave dispersion in LaVO3 is quite different from that in
YVO3.11 The absence of R dependence of the Raman shifts
around 43 and 62 meV suggests that the Raman bands are
not caused by two magnons nor related magnetic excitations
in the long-range spin-ordered state. Therefore, we can as-
sign the origin of the Raman bands to orbital excitations. The
Jahn-Teller mode at 53–58 meV is discerned from high tem-
perature, and the intensity is enhanced together with the
bands around 43 and 62 meV as temperature is lowered. This
implies that the Jahn-Teller phonon is coupled with these
Raman bands which are assigned to orbital excitations.

To gain further insight into the Raman process related to
the orbital excitations, it is important to consider the Mott-
Hubbard gap transition as the intermediate state. The inset of
Fig. 4�b� presents optical conductivity spectra for E �c at
10 K in LaVO3 and NdVO3, and that at 75 K in YVO3.18

The Mott-Hubbard gap transition is observed as a distinct
peak around 2 eV in this spin- and orbital-ordered phase in
RVO3. The 2 eV band in the optical conductivity spectrum
for E �c is composed of two peaks. The lower-lying peak
around 1.9 eV has been assigned to the orbital-dependent
Mott-Hubbard gap transition in the C-type spin- and G-type
orbital-ordered phase.18 In the photoexcitation process in this
phase, an electron can hop only between the dzx orbitals or
the dyz ones on the neighboring V sites along the c axis
through the � bonding with the O 2px or 2py state, as shown
in the left and middle panels of Fig. 4�a�.16,18 The dyz-dyz
transition energy should be nearly equal to the dzx-dzx one.

The broad Raman bands around 43 and 62 meV show a
resonance with this Mott-Hubbard gap transition. Figure 4�b�
represents a comparison between the Raman scattering spec-
tra at 4.2 K in LaVO3 and NdVO3, and those at 78 K in
YVO3, observed with two exciting photon energies of 1.96
and 2.41 eV. In these compounds, the 43 and 62 meV Ra-
man bands are enhanced, when the exciting photon energy is
1.96 eV, almost equal to the energy of the Mott-Hubbard gap
transitions in the C-type spin- and G-type orbital-ordered
state. The resonant enhancement of the 43 and 62 meV Ra-
man bands is conspicuous for LaVO3 and NdVO3, reflecting
the sharp peak structure of their optical conductivity spectra
at 1.9 eV, while that for YVO3 is moderate perhaps due to
the less-distinct shape of the Mott-Hubbard gap peak around
1.96 eV, as shown in the inset of Fig. 4�b�. It is thus reason-
able to consider that this resonant Raman process involves
the Mott-Hubbard gap transition as the intermediate state
�the middle panel of Fig. 4�a��. In the final state of this Ra-
man process, the orbital occupancy of the adjacent V sites
along the c axis is exchanged as compared with that of the
initial state. We call this elementary excitation two-orbiton
by analogy to two-magnon in an antiferromagnetically or-
dered state.

In the previous study,20 we have given a theoretical ac-
count for the orbital excitation observed in the Raman scat-
tering in terms of the one-dimensional Heisenberg model for
orbital pseudospin. The theoretical investigation has demon-
strated that the feature of the two-orbiton Raman spectra,
such as the Raman shift and spectral shape, are determined
by the particle-hole excitation for the pseudospinon band,
which is gapped by the Jahn-Teller effect. The observed two
Raman bands, around 43 and 62 meV, have been assigned to
the lower and upper edges of the particle-hole excitation con-
tinuum, respectively, accompanying the van Hove singulari-
ties in one dimension. When the ionic radius of the R-site ion
decreases, the tilting of VO6 and the Jahn-Teller distortion
increase, and the orbital exchange interaction is suppressed.
The lower-lying Raman orbiton peak around 43 meV slightly
increases in its shift, while sharpening the band shape, with
the change of the R-site ion from La to Y. These spectral
features can be explained by the change of the energies of
the exchange interaction and Jahn-Teller effect. As for the
lower-lying peak around 43 meV, the scattering intensity
should be enhanced and its shift increased by the increase of
the Jahn-Teller distortion, as observed and predicted.20,25,26

At the present stage, however, we cannot exclude the possi-
bility of the one-orbiton excitation for this lower-lying band.
The increase of the tilting of the VO6 octahedra modifies the

FIG. 4. �Color� �a� Two-orbiton Raman scattering process in the
antiferroic �staggered� orbital chain with the ferromagnetic spin or-
der. �b� Raman scattering spectra at 4.2 K in LaVO3 and NdVO3,
and that at 78 K in YVO3 with the exciting photon energies of 1.96
and 2.41 eV. The blue triangles indicate the two-orbiton Raman
modes. The inset presents optical conductivity spectra for E �c at
10 K in LaVO3 and NdVO3 and that at 75 K in YVO3.
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selection rule and allows the interorbital transition on the
neighboring V sites along the c axis. Consequently, the one-
orbiton might be observed by the Raman scattering spectros-
copy.

IV. G-TYPE SPIN- AND C-TYPE ORBITAL-ORDERED
PHASE

YVO3 is known to undergo the second magnetic and or-
bital transition from the higher-temperature C-type spin- and
G-type orbital-ordered state to the lower-temperature G-type
spin- and C-type orbital-ordered one.10–13 In this section, we
show the results of Raman scattering spectroscopy, and dis-
cuss the activated phonon and the magnetic excitation in the
G-type spin- and C-type orbital-ordered phase of YVO3. In
Fig. 5, we display the Raman scattering spectra with the
polarization configurations of y�zz�ȳ, y�xx�ȳ, and z�x�y��z̄ at
various temperatures in YVO3 by utilizing the Ar ion laser
514.5 nm �2.41 eV� line as an exciting light. First, we dis-
cuss the Raman phonon band coupled with the C-type OO.
As shown in Figs. 5�b� and 5�c�, the phonon band assigned to
the oxygen stretching mode is observed at 83 meV �indicated
by the open triangles� in the polarization configurations of
y�xx�ȳ and z�x�y��z̄ at the ground state. This 83 meV phonon
mode has the B1g symmetry in the lowest-temperature ortho-
rhombic Pbnm lattice. As temperature is increased, the in-

tensity of the 83 meV band is suppressed above TSO2
�=TOO2=71 K�, but survives even in the G-type orbital-
ordered phase �see Figs. 5�b�, 5�c�, and 6�b��. Between
TOO2	TSO2 and TOO1�=200 K�, the additional Raman band
appears at 86 meV. In this intermediate temperature region,
the intensity of the 83 meV is lower than that of the 86 meV
one. With further increase of temperature, the 83 meV pho-
non band rapidly decays above TSO1�=116 K�, while the
86 meV band is clearly observed in the higher-temperature
G-type orbital-ordered phase up to TOO1�=200 K�, as de-
scribed in the previous section. The temperature-dependent
behavior of these phonon Raman bands at 83 and 86 meV
remains unchanged even when the exciting photon energy is
changed from 2.41 to 1.96 eV.

The 83 meV phonon band is distinctly observed in the
lowest-temperature orthorhombic phase coupled with the
C-type orbital-ordered state, while the 86 meV one appears
only in the G-type orbital-ordered phase. This result indi-
cates that the 83 and 86 meV phonon modes couple with the

FIG. 5. Raman scattering spectra for the polarization configura-
tions of �a� y�zz�ȳ, �b� y�xx�ȳ, and �c� z�x�y��z̄ at various tempera-
tures in YVO3 with the exciting photon energy of 2.41 eV. The
open triangles indicate the oxygen stretching phonon mode in the
G-type spin- and C-type orbital-ordered phase. Below the second
magnetic transition temperature �=71 K�, three broad Raman bands
emerge around 50 meV in the polarization configuration of y�zz�ȳ,
and around 57 meV in y�xx�ȳ and z�x�y��z̄ polarizations, which are
indicated by closed triangles.

FIG. 6. Temperature-dependent intensity of the magnetic �1/2,
1/2, 1/2� reflection reported by Ulrich et al. �Refs. 11 and 27� is
shown in the top panel �a�. �b� Temperature dependence of the
integrated Raman scattering intensity of the peak around 83 meV in
the polarization configuration of y�xx�ȳ assigned to phonon, �c� that
around 57 meV in y�xx�ȳ polarization to two-magnon, and �d� that
around 50 meV in y�zz�ȳ polarization to two-magnon in YVO3.
Vertical broken, dotted, and dash-dotted lines indicate the transition
temperatures of the G-type orbital ordering �TOO1�, the C-type spin
ordering �TSO1�, and the G-type spin C-type orbital ordering
�TSO2=TOO2�, respectively. Solid lines are the guide to the eyes.
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respective OO patterns. Between TSO2 and TOO1, such a two-
peak feature of phonon mode implies the coexistence or mix-
ture of two types of OO or related lattice distortion in the
nominally G-type OO phase in YVO3. �Note that the OO-
induced phonon mode ��85 meV� shows no splitting for the
G-type OO phase of LaVO3 and NdVO3.� In contrast, the
simple phonon band around 40 meV in the y�zz�ȳ polariza-
tion shows a single-peak feature in the whole temperature
region, while the Raman shift of this phonon band changes
from 41 to 42 meV at TSO2. The results exclude the possibil-
ity that the monoclinic structure coupled with the long-range
G-type orbital-ordered phase may coexist with the ortho-
rhombic one in the C-type orbital-ordered phase between
TSO2 and TOO1. Therefore, the two-peak feature around
85 meV phonon bands at TSO2�T�TOO1 suggests the exis-
tence of the large fluctuation or short-range correlation of the
C-type OO mixed in the nominally G-type OO. In the inves-
tigation of neutron scattering, Ulrich et al. have observed the
�1/2, 1 /2, 1 /2� Bragg reflection in the C-type antiferromag-
netic phase, most of whose intensity is of magnetic origin.27

We plot the temperature-dependent intensity of the magnetic
�1/2, 1 /2, 1 /2� Bragg reflection in Fig. 6�a�. The existence
of the reflection �1/2, 1 /2, 1 /2� suggests that the G-type
magnetic components survive even in the temperature region
of TSO2�T�TSO1, i.e., in the C-type spin-ordered phase.
Again, there is observed no phase-coexistence nor phase-
separation feature in the static averaged lattice structure.11

The present Raman scattering study implies that the C-type
orbital order or correlation exists as the source of the G-type
magnetic component in the nominally C-type magnetic and
G-type orbital-ordered phase of YVO3. Thus, the OO and SO
may be complex between TOO1 and TOO2 in YVO3. This is
perhaps because YVO3 is located on the verge of the bound-
ary between the two types of orbital- and spin-ordered
phases, where the large fluctuation or short-range correlation
of spin and orbital exists. In contrast, the pattern of the or-
bital is simple G type in other compounds such as LaVO3
and NdVO3, which are far away from the phase boundary of
these two spin- and orbital-ordered states in the phase dia-
gram. At the present stage, however, we do not have any
more explicit scenario to elucidate the complicated behavior
of spin and orbital in YVO3. This puzzling orbital dynamics
would deserve further experimental and theoretical investi-
gations.

As shown in Figs. 5, 6�c� and 6�d�, the Raman band
around 50 meV in the y�zz�ȳ polarization, and the bands
around 57 meV in the y�xx�ȳ and z�x�y��z̄ ones �indicated by
the closed triangles� emerge below TSO2, i.e., in the G-type
spin- and C-type orbital-ordered phase. The 57 meV bands
are common for the polarization configurations of y�xx�ȳ and
z�x�y��z̄ and hence has the B1g symmetry in the Pbnm lattice,
while the 50 meV band in the y�zz�ȳ polarization has the Ag

symmetry. These Raman bands are much broader in shape
than conventional phonon modes. The broad bandwidth fea-
ture would suggest that the Raman bands might be assigned
to the two- �or multi�phonon mode, but no possible combi-
nations of the lower-lying phonon modes can explain the
positions of these broad bands. Moreover, the Raman bands
around 50 and 57 meV are observed only in the lowest-

temperature G-type spin- and C-type orbital-ordered phase,
where the lattice symmetry �Pbnm� is the same as that in the
high-temperature spin- and orbital-disordered phase. Above
TOO1, no corresponding phonon modes are observed around
50 meV in the y�zz�ȳ spectrum and around 57 meV in the
y�xx�ȳ and z�x�y��z̄ ones. These features indicate that these
Raman bands are assigned to a magnetic or electronic exci-
tation mode coupled with the G-type SO and C-type OO.
However, the assignment to the charge excitation also seems
unlikely, because the observed frequency of these peaks at
the lowest temperature is even less than the charge-gap en-
ergy ��2 eV� proved by optical conductivity spectra �the
insets of Figs. 4�b� and 7�. The antiferromagnetic arrange-
ment of the V3+ spins in all three directions tends to prevent
the genuine orbital excitations in the lowest-temperature
phase in YVO3, in contrast to the C-type spin-ordered one.
Therefore, we assigned these two peaks to the two-magnon
scattering, where one photon �k�0� excites two magnons
with the wave vectors k and −k simultaneously.28,29 As for
the B1g mode around 57 meV, the scattering intensity is rap-
idly suppressed around TSO2. Nevertheless, the bands survive
even above TSO2, although not only softened but also se-
verely broadened �Figs. 5�b� and 5�c��. As mentioned above,
the previous study of the neutron scattering has indicated that
the G-type antiferromagnetic component exists above TSO2.11

This is in accord with the subsistence of the B1g two-magnon
mode above TSO2.

To gain a further insight into the spectral feature of the
two-magnon bands, the resonance effect of Raman scattering
has been investigated. Figure 7 represents a comparison be-
tween the Raman scattering spectra at 4.2 K �in the G-type
spin- and C-type orbital-ordered phase� in YVO3, observed
with three exciting photon energies of 1.96, 2.41, and

FIG. 7. �Color� Raman scattering spectra at 4.2 K in YVO3 with
the exciting photon energies of 1.96, 2.41, and 2.71 eV. The blue
triangles indicate the peak structures due to the two-magnon Raman
modes. The inset presents optical conductivity spectra for E �c and
E�c at 10 K in YVO3.
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2.71 eV. The 50 meV Raman band in the polarization con-
figuration of y�zz�ȳ in YVO3 is enhanced, when the exciting
photon energy is 2.41 eV. As shown in the inset of Fig. 7, the
optical conductivity spectrum for E �c has a peak structure
around 2.41 eV, which is assigned to the dyz-dyz or dzx-dzx
transition between the neighboring V sites along the c axis
through the � bonding with the O 2py or 2px state in this
G-type spin- and C-type orbital-ordered phase.18 The reso-
nant feature of Raman scattering indicates that the Raman
process involves the orbital-dependent Mott-Hubbard gap
transition as the intermediate state. Figure 8�a� represents the
possible Raman processes, which include the Mott-Hubbard
gap transition as one of the intermediate states. By the inter-
action with the photon, the dyz �dzx� electrons can resonantly
return to the neighboring V site along the c axis. In the final
state of this Raman process, the spins, but not the orbitals, of
the adjacent V sites along the c axis is exchanged as com-
pared with that of the initial state. �The two configurations
shown as the final state in Fig. 8�a� are quantum-
mechanically indistinguishable in this local representation,
constituting the local ms=0 states.�

On the other hand, the 57 meV Raman band in the y�xx�ȳ
and z�x�y��z̄ polarizations shows a different behavior of the
resonance effect from that of the 50 meV one in the y�zz�ȳ in
YVO3. As shown in Fig. 7, the scattering intensity of the
57 meV band monotonously increases, when the exciting
photon energy increases from 1.96 to 2.71 eV. The optical
conductivity spectrum for E�c has a broad peak due to
Mott-Hubbard gap transition around 2.6 eV. The observed
resonant feature suggests that the Raman process may in-
volve the Mott-Hubbard gap transitions between the neigh-
boring V sites in the ab plane, or alternately or concurrently
the charge-transfer gap transition from O 2p orbital to V 3d
one located above 4 eV. Figure 8�b� shows the possible Ra-
man processes for the 57 meV Raman bands. In the ab
plane, the genuine two-magnon excitation due to the spin
exchange between the adjacent dxy states is possible with the
optically allowed dxy-dxy transition between the nearest-
neighbor V sites �the upper route shown in Fig. 8�b�� as the

intermediate state. Another spin exchange process may occur
via the adjacent dyz /dzx states �the lower route shown in Fig.
8�b��. In this resonant process, however, not only the spin but
also the occupancy of the orbital are exchanged in the final
state, i.e., the two-orbiton plus two-magnon excitation oc-
curs. However, the two-magnon plus two-orbiton mode costs
much higher excitation energy, perhaps by a factor of �2,
than that of the two-magnon one. As described below, the
excitation energies of these Raman modes seem to be con-
sistent with the spin exchange interaction energies estimated
by the neutron scattering study.11 It is thus likely that the B1g
mode around 57 meV is the genuine two-magnon excitation
in origin, but not the two-magnon plus two-orbiton one.

By the neutron scattering study on the spin wave disper-
sion in the G-type spin-ordered state of YVO3, Ulrich et al.11

have deduced the spin exchange interaction parameters, J
�Jab�Jc�5.7±0.3 meV on the basis of S=1 anisotropic
Heisenberg model. In the classical limit of the G-type spin
order, a pair of spin excitations on the neighboring sites costs
the energy of 2�z−1�JS=10JS, z being the number of the
nearest neighbors. A more elaborate estimate on the Raman
two-magnon peak energy 
2-mag in the G-type antiferromag-
net with S=1 has been reported for NiO �S=1�; 
2-mag

=10.2J.30 With use of the J=5.7 meV, the 
2-mag for the
G-type spin ordered state of YVO3 is estimated to be
58 meV. This value is in good agreement with the observed
Raman shifts ��50 and �57 meV� which were assigned
here to the two-magnon excitations.

V. SUMMARY

Lattice, magnetic and orbital excitations have been inves-
tigated in the t2g electron system, RVO3 �R=La, Nd, and Y�,
by measurements of the polarized and resonant Raman scat-
tering spectra. In this system, the phonons, which distinctly
couple with the respective orbital-ordered states, i.e., G-type
and C-type, are observed between 85 and 90 meV in the
y�xx�ȳ and z�x�y��z̄ Raman spectra. These phonon modes
have B1g symmetry in the original Pbnm lattice at room tem-
perature. A single peak constitutes this phonon band in the
simple G-type orbital-ordered phase in LaVO3 and NdVO3.
In contrast, the phonon band shows a two-peak feature in the
intermediate-temperature G-type orbital-ordered phase in
YVO3, reflecting the existence of the short-range correlation
or fluctuation of orbital C type. In YVO3, the two-magnon
excitations are observed in the low-temperature G-type anti-
ferromagnetic phase. The Raman shifts of the two-magnons
are consistent with the magnon dispersion revealed by neu-
tron scattering study.11 In all the RVO3 compounds, orbital
excitation bands have been observed in the y�zz�ȳ spectra in
the C-type spin- and G-type orbital-ordered phase. The tem-
perature and R dependence and the resonant effect of the
Raman spectra have indicated that the orbital excitation
bands are distinguished from other excitations and assigned
to a two orbiton, which exchanges the occupancy of yz /zx
orbitals on the nearest-neighbor V site along the c axis.
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