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The physical properties of the high-pressure (HP) cubic phase of PbVO3 were investigated on experimental and
theoretical bases. Above 3GPa, PbVO3 exhibits a structural transition from the tetragonal phase to the cubic phase.
Electrical resistivity measurement on a twinned single-crystalline sample under HP showed the metallic conductivity of
the HP phase, which was absent in the polycrystalline sample. The observed metallic ground state is in accordance with
our theoretical calculations, which also suggest the presence of ferromagnetic ordering in the HP phase. However, the
magnetic measurement under HP above the transition pressure did not reveal ferromagnetic behavior. Theoretical
calculations produced the magnetic moments of the V ions in the HP phase; thus, this difference can be attributed to a
lack of ferromagnetic ordering of magnetic moments.

1. Introduction

Recent studies of Pb-containing 3d metal oxide perov-
skites have contributed to progress in solid-state chemistry
and physics. Various fascinating properties and behaviors
have been discovered in this system, such as the ferroelectric
property of PbTiO3,1) the large tetragonal distortion and two-
dimensional magnetism of PbVO3,2–4) the melting of the
Pb2+–Pb4+ charge glass state with a large volume collapse
resulting from charge transfer in PbCrO3,5) the structural
transformation of PbMnO3 from a 6H- to a 3C-type
perovskite under high pressure (HP; 15GPa),6) A-site and
B-site charge orderings in PbCoO3 leading to a Pb2+Pb4+3-
Co2+2Co3+2O12 quadruple perovskite structure,7) and the
structural transitions between perovskite and LiNbO3-type
structures in PbNiO3.8) These properties are attributable to the
characteristics of the Pb ion. Pb is a main group element, but
it has a charge degree of freedom that depends on the 6s0 and
6s2 electronic configurations. This degree of freedom makes
it a so-called valence skipper because the 6s1 state is
prohibited; therefore, charge disproportionation of Pb occurs
in PbCrO3 and PbCoO3. Naka et al. demonstrated that the
electronic states of Pb in this perovskite system depend on
the relative energy, Δ, between the Pb and 3d transition-
metal levels.9) Thus, the Pb2+M4þO3 state in PbTiO3 and
PbVO3 can be interpreted as resulting from a large Δ
corresponding to the shallow d level of Ti and V. The 6s2

lone-pair electrons on Pb2+ can provide a stereochemical
effect that stabilizes the non-centrosymmetric structures
observed in Pb2+Ti4+O3 and Pb2+V4+O3.

Both PbTiO3 and PbVO3 adopt the same tetragonal
structure (S.G. P4mm), but the degree of tetragonal distortion
of PbVO3 (c=a ¼ 1:23) is much larger than that of PbTiO3

(c=a ¼ 1:06). A previous study performed by our research
group on a twinned single-crystalline sample revealed that
the two-dimensional magnetism in PbVO3 results from
orbital ordering, in which the d1 electron of V4+ occupies

the nondegenerate dxy orbital. We found that this orbital
ordering stabilizes the large tetragonal distortion.4) PbVO3

exhibits a pressure-induced structural transition accompanied
by a drop in the electronic resistivity at above 3GPa.3) This
structural transition was precisely studied by Belik et al. by
using a polycrystalline sample.10) Their synchrotron X-ray
diffraction (XRD) study revealed a pressure-induced struc-
tural transition accompanied by a large volume collapse of
11% between 1.66 and 3.82GPa via a region in which two
phases coexist; here, the crystal structure of the HP phase was
determined to be cubic perovskite (S.G. Pm�3m). According
to the unit cell volume of the HP phase [V0 ¼ 58:272ð14Þ
Å3], the valence state was deduced to be Pb2+V4+O3 and
not Pb2+0.5Pb4+0.5V3+O3, by analogy of the unit cell volume
and valence state of PbCrO3.5) Thus, considering the
degeneration of dxy, dyz, and dxz to t2g in the cubic symmetry,
we expect the d1 electron of V4+ in the HP phase to
contribute to metallic conduction, as in cubic SrVO3

11,12)

and BaVO3.13) Although the electrical resistivity decreased
by five orders of magnitude during the pressure-induced
structural transition, resistivity measurement on the poly-
crystalline sample demonstrated its semiconducting behavior
above the transition pressure.10) The metallic conductivity
was absent, but the intrinsic transport property of the HP
phase remained controversial. Because of the presence of
impurities and grain boundaries on grain surfaces in the
polycrystalline samples, the observed conductivity can act as
a semiconductor. Thus, further investigation using a single
crystalline sample is required in order to determine the
intrinsic property of the HP phase.

In this paper, we report the physical properties of the
HP phase of PbVO3 as investigated by experimental and
theoretical studies. A single-crystalline PbVO3 sample was
grown under the HP hydrothermal condition, and the
electrical resistivity and magnetic properties of the obtained
sample under HP was measured. Measurements demonstrated
the metallic behavior of the HP phase. The theoretical
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calculations also indicated a semiconductor-to-metal transi-
tion and revealed a finite moment of V4+ ions with a
ferromagnetic (FM) exchange in the HP phase, but the
temperature dependence of the magnetic moment under HP
did not show evidence of any FM transition. This observation
may be rationalized in terms of stabilization of the finite
moment, which lacks ordering.

2. Experimental Procedure

Single-crystalline PbVO3 was prepared as previously
described.4) A stoichiometric mixture of PbO, V2O3, and
V2O5 powders was charged into a Pt capsule with 10wt% of
distilled water. The capsule was treated at 1173K and 6GPa
for 30min and then slowly cooled to 1023K over 12 h.

A multi-anvil-type HP cell equipped with sintered
diamond anvils was used for dc resistivity measurements
up to about 13GPa. Glycerol was utilized as a pressure-
transmitting medium. These dc resistivity measurements
were performed by the standard four-probe method with
several dc excitation currents applied along the c-axis.

The magnetic properties of a very small sample of the
crystal (∼0.3mg) up to 7.8GPa were observed using a
miniature ceramic anvil HP cell, which was recently designed
so as to be equipped with an MPMS (Quantum Design)
commercial magnetometer.14) A small piece of Pb metal
acting as a pressure manometer was also mounted in this
pressure cell using silicone grease as a pressure medium. In
order to exclude the extrinsic contribution arising from this
pressure cell (almost entirely from the NiCrAl gasket that
surrounds the sample), two kinds of output wave signals of
the MPMS magnetometer were measured at every temper-
ature and pressure (load) point: one was a signal for the
pressure cell with a sample, and the other was for the cell
without a sample. By calculating the difference between
them, we could obtain the sample signals with better
accuracy.

Theoretical calculations within the framework of density
functional theory (DFT) were carried out for the ambient-
pressure (AP) tetragonal and HP cubic phases in order
to characterize the electronic structure and magnetic proper-
ties. The exchange–correlation functional was chosen to be
the generalized gradient approximation (GGA) using the
Perdew–Burke–Ernzerhof (PBE) formulation.15) The missing
correlation effect beyond the GGA, which is appropriate for
a transition-metal ion such as V, was accounted for using
GGA+U,16) with a choice of the Hubbard (U ¼ 4 eV) or
Hund (JH ¼ 0:7 eV) couplings at the V site. The choice of the
U value was based on the consideration that for vanadate
compounds. The U values are expected to be 3 to 5 eV.17)

While the results presented in the following are for the choice
of U ¼ 4 eV, we have also checked the validity of our

interactions, the application of static mean-field theory such
as GGA+U was found to satisfactory. The calculations were
carried out with the linear muffin-tin orbital (LMTO) basis as
implemented in the Stuttgart code,18) as well as with a plane-
wave basis as implemented in the Vienna ab initio Simu-
lation Package (VASP).19) Consistency between the calcu-
lations in the two basis sets was checked.

3. Results and Discussion

Pillar-shaped crystals with dimensions of 0:30 � 0:15 �
0:15mm3 were obtained. The single-phase nature of PbVO3

and the orientation were confirmed by XRD. Figure 1 shows
the temperature dependence of the electrical resistivity along
the c-axis under various pressures. In accordance with a
previous study,10) we observed a drop in the resistivity
between 2.2 and 3.2GPa, which corresponds to the structural
transition from the AP tetragonal phase to the HP cubic
phase, as illustrated in Fig. 2. This pressure-induced
structural transition results in a change in vanadium–oxygen
coordination from fivefold pyramidal in the AP phase to
sixfold octahedral in the HP phase. Total-energy comparison
between the cubic and tetragonal symmetry of the AP and HP
volumes confirmed that the tetragonal structure is more stable
than the cubic structure by a large energy gain of ∼4 eV=f.u.
for the AP phase. Meanwhile, the cubic phase was found to
be more stable by a gain of 0.55 eV=f.u. for the HP phase.
Our theoretical optimization of atomic positions showed only
tiny deviations from the experimentally determined positions,
confirming the accuracy of the experimentally measured
structural data.

The semiconductive behavior of the AP phase below
3.2GPa was observed, and the activation energies at AP and
2.2GPa were estimated to be 0.18 and 0.12 eV, respectively.
These values are in accordance with the band gap calculated
in previous reports.20) Because dxy, dyz, and dxz orbitals
degenerate in the cubic phase, we expected the metallic
conductivity of the HP cubic phase, as has been observed
in other A2þV4+O3 cubic perovskites such as SrVO3 and
BaVO3
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Fig. 1. (Color online) Temperature dependence of the electronic resistivity
of PbVO3 along the c-axis under various pressures.

. The theoretical calculations were also indicative of
the metal–insulator transition accompanying the structural

conclusions by varying the U value in the range of 2 to 6 eV.
In order to treat the AP and HP phases on same footing, we
applied the same value of U on V for both phases so that both
the AP and HP phases are dealt with the same framework.
Although for a direct comparison with an experimental probe
of the electronic structure such as photoemission spectra,
ideally one should use treatment such as dynamical mean-
field theory for the AP phase to capture the fluctuation effect,
in the present study, for the purpose of describing the basic
insulator–metal transition and the underlying magnetic



transition. Figure 3 shows the spin-polarized density of states
and band structure for the AP and HP phases of PbVO3. We
found that the AP phase showed insulating or semiconduct-
ing behavior with a band gap of ∼1 eV, which is in agreement
with our experimental data. The HP phase described within
the same GGA+U framework, however, exhibited half-
metallic behavior, with one of the spin channels being
conducting and the other being insulating. Within the Mott–
Hubbard picture, the insulator-to-metal transition occurs
when the ratio of the on-site Coulomb repulsion (U) to the
one-electron bandwidth (W ) is below the critical value Uc=W.
The degeneracy of the three t2g orbitals in the HP phase due
to its cubic symmetry effectively suppresses this critical U
value, as argued in Ref. 21, thereby driving the metallic

phase, although the applied U value is somewhat larger than
the bandwidth of the degenerate t2g states.21)

In Fig. 4, the spin-polarized density of states is shown for
both phases projected onto the Pb s and p, V d, and O p
states. The pyramidal coordination present in the AP phase
splits the V dxy state from the other V d states by a large
crystal-field splitting (∼1 eV). Upon spin polarization, the
V dxy state becomes completely filled in the majority spin
channel and completely empty in the minority spin channel,
with other V d states being completely empty in both spin
channels. This opens up a gap at the Fermi level. On the
other hand, the cubic symmetry of the HP phase leads to
symmetric octahedral coordination, giving rise to the three
degenerated t2g states crossing the Fermi level. Upon spin
polarization, this leads to a gapped solution in the minority
spin channel, with all V states being empty and a metallic
solution in the majority spin channel with the t2g states being
1=3 filled.

Figure 5 shows the T2 dependence of the resistivity of
the cubic phase under various pressures below 50K. The
resistivity showed typical behavior of metallic oxides, in
which the resistivity decreases linearly at high temperatures
and scales well with the T2 law, � ¼ �0 þ AT2, at low
temperatures, as observed in SrVO3 and BaVO3. The drop in
the coefficient A between 3.2 and 4.5GPa indicates the
development of metallic conductivity accompanied by the
structural transition. The temperature dependence of the
resistivity at 13GPa obeyed the T2 law with �0 ¼ 13:3
mohm·cm and A ¼ 1:85 � 10�7 ohm·cm=K2 below 50K.
Thus, we can again conclude that the HP phase of PbVO3 is a
metallic conductor and not a semiconductor. The electrical
resistivity of the HP cubic PbVO3 (� � 10�2 ohm·cm) was
larger than that of cubic SrVO3 (� � 10�5 ohm·cm), as
determined by measurements on a single crystal.12) This
deviation can be attributed to the domain structure that
resulted from twinning in the PbVO3 sample.4)

(a) (b)

Fig. 2. (Color online) Illustrations of the VO6 octahdera in the AP and HP
phases of PbVO3 and the corresponding energy-level diagrams for the 3d

orbital.

Fig. 3. GGA+U density of states and band structure for PbVO3 in the AP
(top panel) and HP (bottom panels) phases. The electronic structures of the
majority and minority spin channels are shown in the left and right columns,
respectively. The zero of the energy is set at the GGA Fermi energy and is
marked by dotted lines in each plot.

Fig. 4. (Color online) GGA+U spin-polarized density of states (DOS)
computed for PbVO3 in the AP (left panels) and HP (right panels) phases.
The DOSs are projected onto Pb (top panels), V d (middle panels), and O p
(bottom panels) states. In the top panel, the projections onto Pb s and Pb p
are shown in black and cyan, respectively. The states projected onto various
d levels are shown in the middle panel. The bottom panel shows projections
to different O atoms in the cell. The zero of the energy is set at the Fermi
energy.



The magnetic property of both the AP and HP phases was
investigated by first-principles calculation. Considering the
nominal valences of Pb2+ and O2−, the V nominal valence
should be V4+ with a d1 electronic configuration. The
computed magnetic moments projected for the atoms are
shown in Table I. The net moment was found to be 1.0�B,
which is consistent with the d1 valence of V, thereby
confirming the Pb2+V4+O3 state for the HP phase and the
complete spin polarization of the d1 electron. Non-negligible
moments were found to be present at O sites, which were
found to be oppositely oriented to the moments of V,
suggesting a large V–O covalency. Calculations considering
the different magnetic arrangements of V spins were then
carried out for the FM, A-type antiferromagnetic (A-AFM),
for which V spins within or between the layers are coupled
ferromagnetically or antiferromagnetically, C-AFM, for
which V spins within or between the layers are coupled
antiferromagnetically or ferromagnetically, respectively, and
G-AFM interactions, for which V spins are coupled anti-
ferromagnetically in all directions. The C-AFM phase of the
AP phase (left panel of Fig. 6) was at the lowest energy, in
agreement with the experimental results.4) The calculation
of magnetic exchanges showed the V–V in-plane second-
nearest-neighbor interaction (J2) to be about 20% of the
nearest-neighbor interaction (J1). Meanwhile, the out-of-

plane magnetic interaction (J3) was one order of magnitude
smaller (cf. Fig. 6), giving rise to magnetism driven by dxy
orbital ordering. These results imply the possibility of in-
plane frustration, as suggested in previous studies.4,22) We
found that the FM alignment of the V spins in the HP phase is
favorable, suggestive of the dominance of FM correlation of
V–V magnetic interactions in the HP state, contrary to the
AFM interactions in the AP phase.

To observe the FM ordering of the HP phase, magnetic
measurements under HP were carried out. Figure 7 shows the
temperature dependence of the magnetic moment (M–T
curve) at various pressures obtained using a few pieces of the
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Fig. 5. (Color online) (a) T2 dependence of the normalized electronic
resistivity along the c-axis of cubic PbVO3 under various pressures.
(b) Pressure dependence of the coefficient A and �0 in the T2 law.

Table I. Magnetic moments (in �B) of Pb, V, O, and interstitial, and the
total moment in the unit cell.

Sites AP phase HP phase

Pb �1 0.02 −0.02
V �1 1.08 1.26
O1 �1 −0.10 −0.08
O2 �2 −0.02

Interstitial 0.04 0.00

Total 1.0 1.0

(a)

J1 J2

J3

(b)

Fig. 6. (Color online) (a) Ground-state magnetic structure of PbVO3 in the
AP phase with V spins aligned in an antiparallel manner within the layer and
with parallel coupling between the layers. (b) Various V–V magnetic
exchange paths in AP PbVO3, with J1, J2, and J3.
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Fig. 7. (Color online) M–T curves obtained under various pressures for the

curves below 20K are extrinsic; they can be attributed to the numerical
subtraction between the two kinds of MPMS output signals (see main text).
The dotted line indicates Mfull expected for 0.3mg of cubic PbVO3.

0.3mg sample. Negative values of M and the observed drop of the M–T



sample. In the case of a fully ordered FM state, the V4+

(S ¼ 1=2) ions in the 0.3mg PbVO3 sample produce a
magnetic moment (Mfull) of 5 � 10�3 emu.23) Meanwhile, our
experimental accuracy is about �M � 1 � 10�4 emu.24)

Thus, observation of the FM transition is possible, but a
sign of FM order in the HP phase was absent in Fig. 7 even
at the highest pressure. Based on our calculations, which
suggest the FM alignment of V spins in the HP phase, this
observation may be interpreted in two different ways: either
the HP phase became nonmagnetic with zero magnetic
moments at the V sites, or the finite moments at the V sites
lack ordering. In order to distinguish between the two
scenarios, we also performed fixed-moment calculations,
varying the moment in the cell from 0 to 2 �B. As evident
from the plot in Fig. 8, the minimum energy was obtained
with a moment of 1�B in the unit cell. The calculations were
carried for a choice of U values over a range from a value less
than the degenerate t2g bandwidth in the HP phase to a value
larger than the t2g bandwidth in the HP phase to confirm the
robustness of the obtained results. A very similar result was
also obtained with GGA treatment (results are not shown
in the figure). We thus speculate that the experimental
observation of the absence of ferromagnetism in the HP
phase is due to a lack of ordering of the moments. This aspect
requires further investigation.

Finally, it is pertinent to compare the pressure-induced
structural phase transition in PbVO3 with that in BiCoO3.25)

BiCoO3 transforms from the tetragonal phase to the GdFeO3-
type orthorhombic structure under HP. As confirmed
experimentally and theoretically in the present study, the
HP phase of PbVO3 is metallic, while that of BiCoO3 is
semiconducting. The Bi–O covalency may be responsible for
the orthorhombic distortion, resulting in a semiconducting
state.26) In Fig. 9, the computed crystal orbital Hamiltonian
populations (COHPs)27) for Pb–O covalency in PbVO3 and
Bi–O covalency in BiCoO3 are compared. COHP is the
density of states weighted by the corresponding Hamiltonian
matrix element. COHPs indicate the strength and the nature
of the interaction; here, the bonding and antibonding
interactions are respectively indicated by positive and

negative values of the COHP. We found that the COHP of
Bi–O is one order of magnitude stronger than that of Pb–O.
This difference can explain the stabilization of the metallic
cubic phase in PbVO3, as opposed to the semiconducting
orthorhombic phase in BiCoO3 under HP.

4. Conclusions

The pressure dependence of the electronic resistivity of a
twinned single-crystalline PbVO3 sample showed a drop
accompanied by a structural transition from the tetragonal
phase to the cubic phase between 2.2 and 3.2GPa, in
agreement with previous reports. The electronic resistivity
measured under HP demonstrated the metallic behavior of
the HP phase, which was absent in the data measured using
a polycrystalline sample. First-principles calculations also
indicate the semiconductor-to-metal transition associated
with the structural transition, thus confirming the exper-
imental data. The theoretical calculations also revealed that
the magnetic moment is present in the HP phase and that the
FM alignment is favored, but the temperature dependence of
the magnetic moment of the HP phase did not show an FM
transition. Based on our theoretical calculations, the absence
of ferromagnetism in the HP phase is speculated to be due to
a lack of ferromagnetic ordering of moments.
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