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Orbital ordered states of YVO3 have been systematically investigated using the low-temperature and high-
pressure x-ray diffraction technique. The pressure-temperature phase diagram for the orbital state is determined
from the lattice constants and the reflection conditions. The phase diagram shows that the C-type orbital
ordering �C-OO� is significantly stabilized relative to the G-type orbital ordering �G-OO� by application of
hydrostatic pressure. Based on the result, we could achieve the 3d-orbital state switching in TbVO3 from the
G-OO to the C-OO by applying pressure. The pressure effect on the orbital ordering is discussed from the
viewpoint of the covalency among the R-ion d, the oxygen 2p, and the vanadium 3d orbitals.
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I. INTRODUCTION

Perovskite-type transition-metal oxides, RMO3 �R: rare
earth, M: transition metal�, and the doped analogs show
intriguing physical properties such as high TC
superconductivity,1 colossal magnetoresistance effects,2

magnetoelectric effects,3 and so on. The strong coupling
among charge, spin, orbital of the 3d electrons and lattice
degrees of freedom causes these phenomena.4 In particular
the orbital ordering and related phenomena have attracted
much attention.5 In RMO3, the energy level of 3d orbitals
splits into the lower t2g orbitals and the higher eg orbitals
owing to the crystal field in the MO6 octahedron. In manga-
nites the eg orbital electron plays an important role in the
physical properties while the t2g orbital electron plays an
important role in titanates and vanadates. These orbital or-
dered states have recently been clarified by the developed
experimental techniques.6–11

In RVO3 �R: rare earth or Y�, the two valence electrons of
V3+ ions occupy the near-triply degenerated t2g orbitals. As a
result, RVO3 shows various physical properties coupled with
the orbital and spin states. Two types of orbital ordering have
been reported in RVO3 systems.12 One is C-type orbital or-
dering �C-OO� with the antiferroic arrangement of dxy

1 dyz
1 and

dxy
1 dzx

1 in the ab plane and the ferroic arrangement along the
c axis �Fig. 1�a��. The other is G-type orbital ordering
�G-OO� with the antiferroic arrangement in all the three or-
thogonal directions �Fig. 1�b��. In RVO3 �R=Tb-La� with a
large R-ionic radius, the ground state is the G-OO state
which is transformed to an orbitally disordered state at TOO1.
In YVO3 with a relatively small R-ionic radius, on the other
hand, the ground state is the C-OO state; the G-OO phase
still survives in the intermediate temperature region �TOO2
�T�TOO1�.13 The magnetic ordering of V3+ �S=1� in RVO3
is dominated by the superexchange interaction, which
strongly depends on the orbital state. The C-type spin order-
ing �C-SO� with the ferromagnetic coupling along the c axis

and the antiferromagnetic coupling in the ab plane appears in
the G-OO phase. The G-type spin ordering �G-SO� with an-
tiferromagnetic coupling in all the three directions appears in
the C-OO phase.14–16

The crystal structures in respective phases were investi-
gated by x-ray and neutron diffractions.14,17–19 The C-OO
and the G-OO phases have an orthorhombic lattice with the
space-group Pbnm and a monoclinic one with P21 /b, re-
spectively. The orbital structures in the C-OO and the G-OO
phases were determined by the anisotropy of VO6 octahe-
dron, i.e., Jahn-Teller distortion, obtained by the structure
analysis. In the orbital disordered �OD� phase, on the other
hand, the VO6 octahedron is nearly isotropic although the
space group is Pbnm. The lattice constants show anomalies
at the respective transitions, TOO1 and TOO2.15,20,21 The
change from the orthorhombic to the monoclinic lattice can
be evaluated by the �4 0 1� reflection; the �4 0 1� reflection is
a forbidden reflection in Pbnm but a fundamental one in

(b)(a)

FIG. 1. �Color online� Schematic view of �a� the C-OO-G-SO
and �b� the G-OO-C-SO. The orbital states are shown as the spatial
electron-density distribution. The arrows represent the magnetic
moment at each vanadium ions �Refs. 14 and 16�.
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P21 /b. The intensity, which reflects the small atomic dis-
placement due to the G-OO, is �10−4 times weaker than the
strongest fundamental peak intensity. The deviation from 90°
of the monoclinic angle � cannot be observed; the � seems
to be very close to 90°.14,17,18 Therefore, in this experiment
the transition temperatures were determined by the measure-
ments of the lattice constants and the intensity of �4 0 1�
reflection and the monoclinic phase is identified by the re-
flection condition.

In the present work, we have studied the orbital states of
YVO3 and TbVO3 under hydrostatic pressure. In these com-
pounds the G-OO and C-OO states compete with each other:
the ground states are located near the phase boundary be-
tween these orbital states. Thus, we can control the orbital
states by applying hydrostatic pressure. The hydrostatic pres-
sure has an advantage over the chemical one because the
physical parameters can be controlled continuously without
any sample problems, i.e., a randomness effect and a sample
dependency; these will be the problems in the study of the
chemical pressure effect by the substitution of ions. Recently,
the studies of orbital state under the hydrostatic pressure
were reported in the titanate and the manganite22,23 where the
change of the orbital state was observed. The pressure effect
on the spin state in RVO3 was also studied.24 However, the
ground state could not be changed by applying pressure since
the pressure range under 1 GPa was rather low. In this paper,
we describe the notable pressure effect as the one causing the
change in the orbital ordering structure. The pressure-
temperature phase diagram for the orbital state was studied
in YVO3 and TbVO3 up to �10 GPa using the high-
pressure low-temperature x-ray diffraction technique. We
also tried to control the orbital state by applying the hydro-
static pressure.

II. EXPERIMENT

High-quality single crystals of RVO3 �R=Y,Tb� were
grown by a floating-zone method.25 We cut and shaped the
samples to be in a diamond-anvil cell �DAC�; the typical size
of samples was �100�100�30 �m3. For the high-
pressure and low-temperature experiments, a helium gas-
pressure driven DAC was mounted on a closed-cycle helium
refrigerator. The culet sizes were 800, 600, and 500 �m.
Either nitrogen or a 1:1 mixture of pentane and isopentane
was used as a pressure-transmitting medium depending on
the experimental pressure region. We carried out x-ray dif-
fraction experiments, changing the sample temperature under
a constant pressure. The sample pressure was controlled by
the helium gas pressure so as to be kept constant while
changing temperature. The pressure was calibrated from a
lattice constant of NaCl enclosed with the sample in the
DAC. The estimated pressure variation during the tempera-
ture change was less than 0.2 GPa. The single-crystal x-ray
diffraction experiments with a four-circle diffractometer
were performed using a rotating anode x-ray generator �XG�
with a Mo target and synchrotron-radiation x-ray �SRX�
beamlines BL-4C, BL-9C at Photon Factory, KEK. In the
experiments using XG, the incident x-ray energy was mono-
chromatized to 17.44 keV �Mo K�� by a pyrolytic-graphite

�0 0 2� monochromator. We used SRX in the experiments,
requiring high angle resolution and high flux of incident x
rays. The incident x ray was monochromatized at about 18
keV by double Si�1 1 1� crystals, and focused by a bent
cylindrical mirror; the beam size was 0.6�0.7 mm2.

III. RESULTS

A. YVO3

The orbital ground state of RVO3 transforms from C-OO
into G-OO when the R ionic radius increases. With increas-
ing radius, the V-O-V bond angle gradually approaches
180°.14,17–19,26 In this case, the transfer integral t between the
nearest-neighbor V ions, or equivalently the one-electron
band width W, increases. Hence the ground state can be
viewed as changing from C-OO to G-OO with increasing
bandwidth. The bandwidth also increases by applying pres-
sure as discussed in Sec. IV. Therefore, one might expect that
the ground state of YVO3 would change from C-OO to
G-OO under high pressure. However, what we found in this
study is the opposite tendency as described in the following.
The pressure-induced volume contraction brings about a
highly nontrivial consequence in the orbital orders.

The temperature dependence of the lattice constants a and
b was measured at high pressure up to 7.5 GPa �Fig. 2�. The
lattice constants a and b were calculated from the peak po-
sitions of the �4 0 0� and the �0 2 0� reflections, respectively.
The lattice constant b at 0.5 GPa shows a jump around 80 K,
reminiscent of a first-order phase transition, and has a kink
around 200 K �Fig. 2�b��. The lattice constant a also shows a
jump around 80 K at 0.7 GPa while no anomaly is observed
at 200 K �Fig. 2�a��. These results are consistent with those
at ambient pressure reported previously.15,20,21 Hence we as-
signed the phase transition around 200 and 80 K to the OD to
G-OO transition at TOO1 and the G-OO to C-OO one at TOO2,
respectively. In this manner, the pressure dependence of TOO1
and TOO2 was determined as shown in Fig. 2. With increasing
pressure, the TOO2 goes up. In contrast, TOO1 remains around
200 K up to 3 GPa. Above 3 GPa, the kink at TOO1 of the
lattice constant b becomes obscure, and the transition tem-
perature TOO1 could not be identified.

In order to examine the crystal symmetry above 3 GPa,
we searched for the �4 0 1� reflection, which is forbidden in
the symmetry Pbnm but allowed in P21 /b. The �4 0 1� in-
tensity was measured under high pressure as a function of
temperature �Fig. 3�. In the cooling process at 0.7 GPa, the �4
0 1� intensity gradually increases below TOO1 like a second-
order phase transition and disappears abruptly at TOO2. The
temperature dependence is consistent with the previous re-
port at ambient pressure.17,18 Under higher pressure than 3
GPa, the �4 0 1� reflection was observed clearly and TOO1
could be unambiguously determined. Then, we find the de-
cline of TOO1 above 3 GPa although TOO1��200 K� does not
change below 3 GPa. The �4 0 1� reflection is not detected at
7 GPa within the experimental accuracy, suggesting that the
G-OO phase disappears above 7 GPa. However, the anomaly
in the temperature dependence of the lattice constant b exists
even at 7.5 GPa. Hence there may be a phase transition,
which continuously connects with the transition at TOO2.
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The pressure-temperature phase diagram of the orbital
state for YVO3 is summarized in Fig. 6. The G-OO /C-OO
transition temperature TOO2 linearly goes up with increasing
pressure �dTOO2 /dP=18�1 �K /GPa��. The increase in
TOO2 under pressure is consistent with the previous
report.24,27 By applying pressure, TOO2 reaches 160 K around
5 GPa; the transition temperature is the highest one in the
studies of pressure effect and R-ion substitution.13,24 Then,
the G-OO phase disappears above 6 GPa. However, a phase
transition still exists above 6 GPa, and the transition tem-
perature corresponds to the OD /C-OO phase boundary �Fig.
6�. The OD and C-OO phases have the same space-group
Pbnm. Such a phase transition, which has not been reported
up to now, will be argued later.

B. TbVO3

The ionic radius of Tb3+ is larger than that of Y3+; the
orbital ground state of TbVO3 is the G-OO at ambient pres-
sure unlike the C-OO of YVO3. In the previous section, we
have shown that the C-OO is stabilized under pressure in
YVO3. Based on this observation, we tried to examine
whether the ground state of TbVO3 can be changed from
G-OO to C-OO by applying pressure. The pressure-
temperature phase diagram of TbVO3 was determined by

measurements of the lattice constant a and the �4 0 1� reflec-
tion. The temperature dependence of the lattice constant a
was measured at 0.7 GPa �Fig. 4�, which did not show such
an anomaly. The intensity of the �4 0 1� reflection appears
below TOO1=190 K and survives even at 30 K �Fig. 5�. Thus
the orbital ground state remains as the G-OO phase at 0.7
GPa. On the other hand, the �4 0 1� intensity at 1.9 GPa
suddenly disappears below 70 K. The disappearance of the �4
0 1� reflection suggests that the crystal symmetry becomes
higher one than that of P21 /b; namely the ground state is not
the G-OO phase. The temperature dependence of lattice con-
stant a shows a jump above 2 GPa �Fig. 4�. The two-phase
coexistence was also observed at the transition. These mean
that the phase transition is of a first order. The observations
resemble those of YVO3 at ambient pressure. Therefore we
assigned this structural phase transition to the G-OO to
C-OO one at TOO2.
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FIG. 3. �Color online� Temperature dependence of the �4 0 1�
intensity for YVO3 up to 7 GPa. The intensity of �4 0 1� forbidden
reflection is normalized by that of �5 0 1� fundamental reflection.
The open and closed arrows indicate TOO1 and TOO2, respectively.
The intensity in the C-OO and OD phase is the background level.
The inset presents the magnified figure of the 4.3 and 7.0 GPa data.
The data were collected by using SRX.
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The pressure-temperature phase diagram of TbVO3 is
shown in Fig. 6. As expected, the ground state of TbVO3
appears to change from G-OO to C-OO. The transition pres-
sure is about 2 GPa. The transition temperature TOO1 does
not change up to 5 GPa and decreases above this pressure.
On the other hand, the transition temperature TOO2 linearly
goes up with increasing pressure, and the slope �dTOO2 /dP
=18�2 �K /GPa�� is the same as that of YVO3. The pres-
sure dependence of TOO1 and TOO2 is quite similar to that in
YVO3. Hence the phase diagram of TbVO3 can be well
scaled with that of YVO3 with the shift by 2 GPa. The phase
diagram clearly indicates that the C-OO becomes more
stable than the G-OO under applied pressures. We expect
that the G-OO phase of TbVO3 disappears above 8 GPa.

IV. DISCUSSION

The universal pressure-temperature phase diagram �Fig.
6� of the orbital states for RVO3 was clarified in our low-
temperature and high-pressure experiments. A marked result
is that the ground state of RVO3 changes from the G-OO to
the C-OO with applying pressure: the C-OO phase is stabi-
lized by the hydrostatic pressure as compared with the G-OO
phase.

Here we discuss the mechanism stabilizing the C-OO
phase under hydrostatic pressure. In the R-ion substitution
studies, the ground state of the orbital ordering changes from
the C-OO to the G-OO phase with increasing R-ion radius.
There the bandwidth W is considered to be a key parameter
since the W increases with increasing R-ion radius. Namely,
the G-OO phase is stabilized by the increase in the W. In
RMO3, the W generally increases by applying pressure be-
cause of the contraction of the unit-cell volume and/or the
increase in the M-O-M bond angle.23,28 Loa et al.23 studied
the crystal structure and the band gap in YTiO3, which has
the analogous structure to RVO3. There, the band gap de-
creases with applying pressure, indicating an increase in the
W. The Ti-O-Ti bond angle changes only about �1° up to 16
GPa. Thus, they concluded that the enhancement of the W is
caused by the contraction of the bond length. For RVO3 sys-
tem, consequently, we can expect that the W increases due to
the contraction of the VO6 octahedron and the G-OO phase
stabilized by the applying pressure. However, this expecta-
tion is inconsistent with our result of the C-OO phase stabi-
lization under high pressure.

To interpret the C-OO phase stabilization, we should take
into account a covalency effect between V-3d and R-d orbit-
als, which is caused by the coupling via the O 2p orbital and
the direct one. Several theories indicate that the covalency
effect is important in determining the type of orbital
ordering.29–31 Under high pressure, the ions approach each
other, owing to the contraction of the unit-cell volume, and
the hybridization between these orbitals increases. Hence the
covalency becomes one of important parameters in discuss-
ing the pressure effect for the orbital state. According to the
crystal structure studies for YVO3 at ambient pressure,14,18

the distance between Y3+ and V3+ ions in the C-OO phase is
closer than that in the G-OO phase. Therefore the covalent
character is developed in the C-OO phase; the energy gain
due to the covalency in the C-OO phase is larger than that in
the G-OO phase. Hence it is likely that the C-OO is stabi-
lized when the covalency effect increases under high pres-
sure. We also note that the Y and Tb ions have different
empty d orbitals, 4d and 5d, respectively, although the cova-
lency effect between V-3d and R-d is simply discussed here.
Arima and Tokura32 studied the variation in the electric
structures with the rare-earth element R in RMO3. In their
results La 5d and Y 4d have almost the same energy levels.
Such a similarity in R-d orbital may explain that the univer-
sal phase diagram for RVO3 was obtained.

Mizokawa and co-workers29,30 theoretically estimated the
energy deference among the orbital-spin ordering phases in
RVO3 by Hartree-Fock calculation, in which the bandwidth
and covalency were considered as important parameters in
determining the orbital ground state. In the calculation with-
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out the covalency effect, the orbital ground state is indepen-
dent of the bandwidth and always in the G-OO phase. On the
other hand, the C-OO phase appears as the orbital ground
state in the calculation with increasing covalency effect.
They insisted that the covalency between the R-site cation d
and the oxygen 2p orbitals stabilizes the C-OO phase. From
these experimental and theoretical reasons, the stabilization
of C-OO phase with increasing pressure can be understood
not by the bandwidth effect but by the covalency effect.

Here we found the phase transition above 6 GPa in YVO3,
the transition temperature of which corresponds to the
OD /C-OO phase boundary �Fig. 6�. At this transition the
space group does not change although the symmetry is usu-
ally broken at a phase transition. In LaMnO3, the order-
disorder phase transition of Mn eg orbital without the change
of the space group was actually reported.33 Another possibil-
ity is the magnetic symmetry breaking upon the phase tran-
sition. The G-OO /C-OO transition at TOO2 accompanies the
C-SO /G-SO magnetic transition. The G-OO /C-OO phase
boundary appears to continuously connect with the
OD /C-OO one with increasing pressure in the phase diagram
�Fig. 6�. Therefore, the magnetic ordering may occur at the
OD /C-OO transition. To make clear the nature of the phase
transition, the magnetic phase diagram under high pressure is
also needed; we are carrying out neutron-diffraction experi-
ments under high pressure and low temperature to determine
the magnetic phase diagram.

Finally, we note the pressure effect on the G-OO phase.
The OD /G-OO transition temperature, TOO1, decreases with

increasing pressure as shown in Fig. 6. Namely, the G-OO is
suppressed by applying pressure. In general, a crystal lattice
contracts and becomes hard under high pressure. Hence the
energy gain due to the Jahn-Teller effect becomes small. The
melting of orbital ordering under high pressure is actually
observed in manganite systems.22 We think that the decline
of TOO1 is explained by this pressure effect.

V. CONCLUSION

We have investigated the pressure effects on the orbital
states in RVO3. The pressure-temperature phase diagrams of
the orbital state for RVO3�R=Y,Tb� were determined; the
C-OO is stabilized as compared with the G-OO by applying
hydrostatic pressure. Based on the result, we have succeeded
in controlling the ground state of TbVO3 from the G-OO to
the C-OO by applying pressure. We presented the global
pressure-temperature phase diagram for the orbital state of
RVO3 �R=Y,Tb� and proposed that the covalency stabilized
the C-OO phase under high pressure.
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