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ABSTRACT: Recent experimental and computational studies have
demonstrated pressure and epitaxial stabilization of polar PbVO3 phases
with perovskite-derivative crystal structures. In this study, we
demonstrate, by density functional theory (DFT) calculations, the
stability of similar perovskite-derivative structures in the KVO3 and
NaVO3 systems when subjected to compressive biaxial strain. The
electronic structure and polar properties of these compounds are
computed as a function of biaxial strain, and the results are compared to
those obtained for experimentally observed PbVO3 structures. It is
demonstrated that the substitution of Pb with monovalent K or Na
cations increases the strength of the vanadyl bond due to the removal of the spatially extended Pb 6p states. Both KVO3 and
NaVO3 exhibit epitaxially stabilized perovskite-derivative phases having large polarizations and only small total energy increases
relative to their unstrained bulk structures. The calculated epitaxial phase diagram for KVO3 predicts a strain-energy driving
force for a phase separation from −4% to 1.5% misfit strain into a polar Cm phase, having square-pyramidal coordination of the
B-site, and a paraelectric Pbcm phase, having tetrahedral coordination of the B-site. The results show that strain-stabilized polar
vanadate compounds may occur for other compositions in addition to PbVO3 and that changes in the A-site species can be used
to tune bonding, structure, and functional properties in these systems.

1. INTRODUCTION

Vanadate compounds are observed to form in a variety of
crystalline structures, where the coordination of the vanadium
by oxygen can be octahedral, square pyramidal, trigonal
bipyramidal, or tetrahedral.1 Correlating with this structural
variety, these compounds can be metals, insulators, ferro-
electrics, ferromagnets, and potentially multiferroics.2 The
wide range of bonding behavior and associated physical
properties can be attributed, in part, to vanadium having three
different oxidation states (3+, 4+, and 5+) as well as to
vanadium’s ability to form strong directional bonds with
oxygen. The oxovanadium(IV) ion, VO2+, where V is in the 4+
oxidation state, is one of the most stable biatomic ions known,3

having a vanadyl short double bond characterized by a bond
length of approximately 1.60 Å and significant π-bonding.4

Further, when V is in the 5+ oxidation state, the 3d shells of
vanadium are empty but still near enough to 4s and 4p orbitals
to allow for the hybridized bonding behavior with oxygen
characteristic of many transition metals.5

The PbVO3 (PVO) compound has been the subject of
recent experimental and computational studies due to its
potential for exhibiting magneto-electric coupling. Under
pressure6 and in epitaxially strained thin films,7,8 PVO has
been reported to form in perovskite-derivative structures that
are not observed under ambient conditions. These pressure-
and strain-stabilized structures are observed to display a weak
vanadyl short bond, square-pyramidal vanadium coordination,

and super tetragonality. The vanadium ion has been measured
to be in the 4+ oxidation state with a single occupied d orbital,
thus having potential for multiferroicity.7 These experimental
studies of PVO have been augmented by computational
investigations employing density functional theory (DFT)
approaches,2,6,9−11 which have elucidated key features of the
electronic structure and reported a giant electric polarization of
1.52 C/m2.
In contrast to PVO, relatively little attention has been

devoted to exploring strain stabilization of perovskite-
derivative structures in alternate vanadate compounds. This
is perhaps because many of these systems are non-ferroic in
their bulk equilibrium phases under ambient conditions. For
example, if the Pb cation in PVO is replaced with a divalent
alkaline earth metal, observed equilibrium phases include a
metallic cubic perovskite structure (e.g., SrVO3) and a
nonpolar GdFeO3-type structure (e.g., CaVO3).

12 If Pb in
PVO is replaced with a monovalent alkali metal, a nonpolar
centrosymmetric clinopyroxene or orthopyroxene structure
results (e.g., KVO3).

13 However, in the same manner that the
perovskite-derivative structure of PVO must be externally
stabilized through the application of strain, similar structures
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could form and exhibit ferroic properties for other vanadate
systems under yet unexplored epitaxial strain conditions.
In the present study, we employ DFT-based approaches in a

computational investigation of the atomic and electronic
structure and energetic and polar properties of KVO3 and
NaVO3 perovskite-derivative compounds under biaxial epitax-
ial strain. We further compare the atomic and electronic
properties of these compounds with those computed for the
experimentally observed strain-stabilized structure of PVO. For
KVO3, it is shown that a perovskite-derivative structure with
space group Cm is energetically stabilized under levels of
compressive biaxial strains that could be achievable in thin-film
growth experiments. For NaVO3, a perovskite-derivative
structure with space group Cm is shown to be energetically
stabilized under levels of tensile biaxial strains also achievable
in growth experiments. Similar to PVO, both of the biaxial-
strain-stabilized perovskite-derivative compounds of KVO3 and
NaVO3 exhibit large electric polarizations, considerable off-
centering of the B-site sublattice, and formation of short V−O
bonds, which are denoted in this work as vanadyl bonds for
these compounds with nominally pentavalent vanadium based
on the conventions in ref 1. In contrast with PVO, these
compounds do not form a magnetic moment at the B-site and
produce significantly less displacement of the A-site sublattice.
The results of this study suggest that strain-stabilized polar
perovskite-derivative vanadate compounds may occur for other
compositions in addition to PVO and that changes in the A-
site species can be used to tune the strength of vanadyl
bonding and electronic properties in these systems. Control
over these properties could be crucial to enabling ferroelectric
switching and tuning the magnitudes of polar response
properties.
In the remainder of this paper, the computational methods

are described in Section 2, and detailed descriptions of the
experimentally observed crystal structures of KVO3, NaVO3,
and PVO are given in Section 3. The calculated epitaxial phase
diagrams for KVO3 and NaVO3 are presented in Section 4,
with associated electronic structure results discussed in Section
5. The main conclusions are summarized in Section 6.

2. COMPUTATIONAL METHODS
This work examines the effect of biaxial strain on the properties of
perovskite-derivative structures of KVO3 and NaVO3. Here, the term
perovskite-derivative structure denotes those that can be derived from
the ideal 5-atom cubic perovskite unit cell by imposing biaxial strain in
the (001) plane and allowing for tetragonal and monoclinic strains
normal to this plane, with arbitrary zone-centered displacements of
the A- and B-site cations and oxygen anions. Such symmetries are
meant to mimic those that would be obtained in an epitaxial thin film
grown on a substrate with 4-fold symmetry. Examples of such
structures are described in Section 4 below.
2.1. Computational Procedure. Construction of the epitaxial

phase diagrams was performed using the workflow described in ref 14,
which involves a random structure search being conducted at each
misfit strain. Specifically, for a given misfit strain, multiple candidates
are initialized starting from a cubic perovskite structure and imposing
random atomic displacements, leading to unit cells with P1 space
group symmetry. These candidate structures are subsequently
structurally relaxed in DFT calculations, holding the in-plane lattice
parameters constant. The lowest-energy structure resulting from these
optimizations is selected at each misfit strain and used to generate a
ground-state epitaxial phase diagram. A similar approach is used for
the experimentally observed 80-atom KVO3 Pbcm structure. For this
compound, candidate structures at each misfit strain are generated
from the experimental Pbcm structure biaxially strained to be coherent

with a 4-fold substrate at a given lattice constant and imposing
random atomic displacements to again reduce the space group
symmetry to P1.

Energies of all relaxed structures are referenced to that of the
compounds observed under ambient conditions, as discussed in
Section 3. The experimental structures are subjected to multiple DFT
relaxations prior to use as energy references. Electric polarizations are
calculated for epitaxial structures at each misfit strain considered, and
electronic structures are computed for the minimum energy epitaxial
structures of KVO3 and NaVO3, as well as the perovskite-derivative
PVO structure discussed in Section 3 for purposes of comparison.

2.2. Calculation Details. All DFT calculations made use of the
Vienna ab initio simulation package (VASP)15−18 version 5.4.1. A
conjugate-gradient algorithm was used for all structural relaxations. As
the standard VASP software package does not allow for arbitrary
mechanical boundary conditions, relaxations performed under fixed
in-plane strain used a custom-modified version of the VASP software
in which components of the stress tensor can be fixed at zero. All
relaxations of structures were continued until the forces and out-of-
plane stresses converged to magnitudes within 0.001 eV/Å and 0.005
eV/f.u., respectively, where eV/f.u. is per five-atom formula unit.

Calculations used the Ceperley-Alder form of the local density
approximation (LDA) exchange-correlation functional, as para-
metrized by Perdew and Zunger,19 with the electron−ion interaction
described by the projector augmented wave method.20,21 The LDA is
employed because it tends to produce more accurate structural
parameters in perovskite oxides, whereas generalized gradient
approximation (GGA)-based methods can greatly overestimate the
c/a ratios in these systems.22 Use of the LDA in the present work does
lead to well-known systematic errors in the calculated lattice
constants, resulting in an underestimation of their values of
approximately one percent.23,24

A 600 eV plane-wave cutoff energy and the tetrahedron smearing
method with Blöchl corrections25 were used. For calculations of
perovskite-derivative structures based on five-atom unit cells, the
Brillouin zone was sampled with a 6 × 6 × 6 Monkhorst−Pack26 grid.
In calculations for the 80-atom Pbcm epitaxial KVO3 structure, a 2 × 2
× 6 Monkhorst−Pack sampling was employed. On the basis of tests
using different plane-wave cutoffs and k-point meshes, the resulting
level of convergence in energy differences using the parameters
described above is estimated to be within 0.5 meV/f.u.

Hessian matrices were calculated using Density Functional
Perturbation Theory (DFPT)27 at the gamma point of 2 × 2 × 2
supercells. The Berry-phase approach, as described in the modern
theory of polarization,28 was used to calculate the electric polarization
vector of the ground-state phases at each misfit strain. All calculations
assume a fixed (vanishing) external electric field corresponding to thin
films surrounded by perfectly charge-compensating electrodes, as
discussed in refs 29 and 30.

Density of states calculations made use of a more refined k-point
grid of 12 × 12 × 12, a 600 eV plane-wave cutoff energy, and the
HSE06 hybrid functional.31 These calculations were performed on the
LDA-relaxed structures without reoptimizing the crystal structure with
the hybrid functional. The HSE06 functional leads to more accurate
electronic structures relative to LDA, with bandgaps agreeing to
within 20% of experimentally measured values for transition-metal
oxides, as discussed in ref 32.

3. EXPERIMENTALLY OBSERVED CRYSTAL
STRUCTURES

Figure 1a,b illustrates the experimentally observed crystal
structures for the KVO3 and NaVO3 compounds that form
under ambient conditions.35,36 For comparison, Figure 1c
shows the structure of the PVO phase observed under high-
pressure conditions.6 Table 1 gives the reference lattice
constants, Goldschmidt tolerance factors, and space groups
for these three structures. Note that the reference lattice
constants, a0, correspond to those of cubic ideal perovskite
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structures, calculated in the same manner as in ref 14. These
lattice constants merely form a consistent set of references and
have no direct relation to those for the structures shown in
Figure 1. For a full description of the structures in Figure 1, see
the crystallographic files included as Supporting Information
Files 1, 2, and 3. The ionic radii used for calculating tolerance
factors are based on the bond valence model.37 For KVO3 and
NaVO3, all reported energies are referenced to the
corresponding calculated DFT energies after relaxation for

the observed compounds illustrated in Figure 1a,b. Space
group symmetries of calculated phases are determined using
the Spglib software package.38 The symmetry precision
tolerance value used to assign all space group symmetries
(and consequently determine points of phase transition) is
0.01 Å.
The crystal structure of KVO3 shown in Figure 1a has an

orthopyroxene structure with orthorhombic space group Pbcm,
while the structure of NaVO3 shown in Figure 1b has the
clinopyroxene structure with monoclinic space group C2/
c.13,39 Both structures are centrosymmetric and are charac-
terized by long chains of tetrahedrally coordinated V5+ sites
extending along a single direction ([2+2]V5+−eqOeq−[2+2]V5+ in
the notation of ref 1). The vanadium atoms have two
terminating cis vanadyl bonds, both of length 1.64 Å for
KVO3 and of lengths 1.67 and 1.69 Å for NaVO3, as well as
two bridging equatorial bonds, both of length 1.81 Å for KVO3
and 1.83 Å for NaVO3. Previous experiments have
demonstrated that these pyroxene structures can have strongly
anisotropic mechanical responses due to their directional
bonding along the chain directions.39

The orthopyroxene structure of KVO3 is potentially well-
suited to epitaxial growth on a substrate with a surface
displaying 4-fold symmetry due to the nearly square arrange-
ment of A-sites in the (100) plane. This arrangement is
illustrated in the 80-atom supercell representation shown in
Figure 2. From this perspective, the vanadium tetrahedra can
be seen occupying the centers of slightly distorted cubes
formed by A-sites.
For comparison, we also consider the pressure-stabilized

crystal structure of PVO illustrated in Figure 1c. This is similar
to the strain-stabilized PVO structure obtained in thin-film
growth experiments.7 It has the noncentrosymmetric space
group P4mm, exhibits a very large tetragonality (c/a = 1.23),
and is accompanied by significant off-centering of both the Pb
and V sites.9 These shifts in ionic positions result in an O5
pyramid structure coordinating the V atom, with one apical
oxygen, O(1), forming a short V−O vanadyl bond with a
length of 1.67 Å. The square plane of equatorial O(2) atoms
results in four equatorial V−O bonds, all of length 1.98 Å. The
large downward displacement of the apical oxygen below the V
site leads to a long V−O bond of 3.00 Å, resulting in a two-
dimensional layering of corner-shared square pyramids rather
than a three-dimensional framework of VO6 octahedra.

6 The
weak interaction between these neighboring layers is likely the
reason PVO is not observed to form under ambient conditions.
Due to the presence of the lone pair in Pb, the A-site is shifted
from the center of an 8-fold-coordinated site toward a square
O2 plane, and four of the eight Pb−O(2) distances become
much shorter, with lengths of 2.39 Å.6 The large displacements

Figure 1. Experimentally observed crystal structures of (a) KVO3, (b)
NaVO3, and (c) PVO. Lengths of unique bonds are indicated in units
of Ångstroms. References for structural data are given in the fourth
column of Table 1. The PVO phase is observed under pressure or
epitaxial strain, while the KVO and NVO phases are observed under
ambient conditions. These figures were created using VESTA.33

Table 1. Properties of the Vanadate Crystal Structures
Illustrated in Figure 1a

formula a0 (Å) tolerance factor t space group

KVO3 3.75 1.153 Pbcm35

NaVO3 3.68 1.028 C2/c36

PbVO3 3.80 1.015 P4mm6

aThe second, third, and fourth columns list cubic reference lattice
constants, Goldschmidt tolerance factors,34 and space groups. The
references for the data presented in this table are given in the fourth
column.
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of the sites in PVO lead to a giant electric polarization of 1.52
C/m2.10

4. EPITAXIAL PHASE DIAGRAMS
Figure 3a,b plots the calculated epitaxial phase diagrams for
KVO3 and NaVO3, respectively. Energy is plotted versus misfit
strain in the upper panel, while the values for the magnitude
(dashed line) and out-of-plane (blue diamonds) and in-plane
(red squares and green triangles) components of the electric
polarization are plotted in the bottom panel. The horizontal
scale on top gives the lattice constant a of a cubic substrate
corresponding to the given value of misfit: a = a0(η̅ + 1), where
a0 is the compound’s reference cubic lattice constant, as listed
in Table 1. Energies for each compound are referenced to the
DFT-optimized energies of the experimentally observed crystal
structures described in Section 3 and can be interpreted as the
strain energy of the epitaxially constrained phase, with more
positive energies corresponding to larger driving forces for
strain relaxation.
Figure 3a plots the energy and polarization versus misfit

strain for two epitaxial phases of KVO3, the perovskite-
derivative Cm phase (black circles), and the strained derivative
of the experimentally observed ambient Pbcm phase (red
diamonds). As the Pbcm phase is paraelectric at all misfit
strains, only the Cm phase polarization is plotted in the bottom
panel.
The energy curve of the KVO3 Cm phase shows stabilization

under large compressive misfit strains, with a minimum located
at η̅ = −3.75% (there is an additional local energy minimum
not shown in Figure 3a occurring at η̅ = 11.5% with an energy
that is 58 meV above that of the reference structure). The
corresponding ground-state perovskite-derivative structure at
this misfit strain is shown in Figure 4a. This structure is
monoclinic (β = 88.9°), has a very large tetragonal distortion
(c/a = 1.32), and is 52 meV/f.u. higher in energy than the
experimentally observed structure at ambient conditions.
Vanadium forms a short vanadyl bond of length 1.64 Å with
an apical oxygen, two equatorial bonds of length 1.96 Å with
two surrounding oxygens in the square plane, and two

equatorial bonds of length 1.75 Å with the other two oxygens
in the plane. The length of the bond between vanadium and
the oxygen trans to the vanadyl bond is 3.12 Å, leading to a
layered square pyramidal arrangement similar to that seen in
PVO, but with the 4-fold symmetry along the c axis broken by
a vanadium displacement along the ⟨111⟩ direction. Analysis of
the force-constant matrix for a 2 × 2 × 2 supercell shows that
this structure is stable with respect to displacement modes at
the zone-center and Brillouin-zone boundaries. The softest
eigen-displacement mode has an eigenvalue of 0.45 eV/Å2

(0.15 meV or 1.23 cm−1), supporting the possibility that the

Figure 2. Supercell representation of Pbcm KVO3 (rendered in
perspective) illustrating the nearly square symmetry of the A-site
cations in the (100) plane of the crystal structure shown in Figure 1a.
This figure was created using VESTA.33

Figure 3. Energies and polarizations plotted against misfit strain for
(a) the Cm and Pbcm phases of KVO3 and (b) the Cm phase of
NaVO3. Energies are referenced to the bulk equilibrium phases
mentioned in Section 3. The dashed green line in part (a) indicates
the common tangent construction for strain-induced phase separation.
For the polarizations, out-of-plane (Pz) and in-plane (Px and Py)
components, as well as the magnitudes of the total polarization vector,
are plotted.
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minimum energy epitaxial KVO3 Cm phase is stable to non-
zone-centered displacement modes that can suppress polar-
ization.40

The polarization plot for the Cm phase of KVO3 is shown in
the bottom panel of Figure 3a. This plot exhibits smoothly
increasing out-of-plane polarization with increasing compres-
sive misfit strain and smoothly increasing in-plane polarization
with increasing tensile misfit strain. At the energy minimum (η̅
= −3.75%), the Cm phase has a calculated polarization
magnitude of almost 1.1 C/m2, with the Pz component
dominant.
Because of the amenability of the Pbcm structure of KVO3 to

(001)-oriented growth on a substrate surface with square
symmetry, as described in Section 3, epitaxial calculations of
KVO3 were also performed on a constrained form of this
structure, in which in-plane (100) shear was removed in order
to simulate lattice matching with the substrate. The energy
curve of the epitaxial KVO3 Pbcm phase in Figure 3a has a
parabolic shape centered around a minimum epitaxial lattice
constant of approximately 3.82 Å. Relative to the Cm phase,
the Pbcm phase is stable under tensile and modest compressive
epitaxial strain. However, at nearly −2% misfit strain, there is a
crossing of the energy curves, and the Cm phase is predicted to
be energetically more stable at increasingly compressive misfit
strains. A common tangent line can be constructed (dashed
green line) between the energy curves of the Cm and Pbcm
phases, which gives the energies of two-phase mixtures41

between structures with misfit strains of approximately −4%
and 1.5%. Following ref 41, this result establishes a bulk
energetic driving force for epitaxial films grown in this range of
substrate lattice constants to phase separate into two phases, a
nonpolar tetrahedrally coordinated Pbcm phase with an in-
plane lattice constant of around 3.80 Å and a polar square-
planar-coordinated Cm phase with an in-plane lattice constant
of around 3.60 Å. The polar properties of such two-phase films
could be of technological interest, as an out-of-plane electric
field could drive growth of one or the other phase and
potentially elicit a large dielectric response by altering the
balance of the phase competition.
To assess whether this phase-separated state can be realized

experimentally, the present calculations should be extended in
future work to incorporate finite-temperature entropic
contributions and account for possible domain structures and
interfacial energy effects. Considering the effect of interface
energy, it is likely that, for a substrate with square surface

symmetry, the contribution would further stabilize the Cm
phase relative to Pbcm. This is because, in the above
calculations, the Cm phase has an exactly square arrangement
of A-sites, while the Pbcm phase contains only a nearly square
arrangement of A-sites. The lack of perfect registry for the
other atoms in the plane would be expected to increase the
interfacial energy.
Figure 3b plots the energy and polarization versus misfit

strain for NaVO3. Due to the absence of known competing
polymorphs suitable for (001) epitaxy, only predictions for a
five-atom perovskite-derivative structure are shown. Under
large tensile strains, an Amm2 phase is stable, while at all other
misfit strains considered, a Cm phase is predicted. NaVO3
under epitaxy is destabilized by compressive epitaxial strains
and stabilized at modest tensile strains, with a minimum energy
structure located at η̅ = 1%. The structure corresponding to
this energy minimum is shown in Figure 4b. It is characterized
by a monoclinic angle of β = 89.4° and c/a = 1.01, and it is
only 9 meV/f.u. higher in energy than the experimentally
observed polymorph at ambient conditions. All oxygen sites
are nearly equivalent, each having a short bond with V of
around 1.71 Å and a longer bond with V of 2.04 Å. The
structure is approximately cubic, with the V atom shifted along
the ⟨111⟩ direction to sit preferentially closer to three of the six
coordinating oxygen sites. An analysis of the force-constant
matrix for a 2 × 2 × 2 supercell shows that this structure is
unstable with respect to both in-phase and out-of-phase
octahedral rotational modes at the brillouin-zone boundaries,
with the most unstable eigen-displacement mode having an
eigenvalue of −0.93 eV/Å2 (15.56i meV or 125.46i cm−1). In a
thicker film, where these modes are not frozen out due to the
constraint of epitaxy, the effect on polarization could be
sizable.42 Note that additional epitaxial calculations were
performed for NaVO3 in a Pbcm phase similar to that of KVO3
at various misfit strains. However, this variant of NaVO3 gives
energies many hundreds of meV higher than that of the
reference structure over the misfit strain range shown in Figure
3b. Further, this structure is dynamically unstable and relaxes
to perovskite-derived phases if the atoms are perturbed and
symmetry is not constrained.
Similar to behavior seen for the KVO3 Cm phase, the out-of-

plane polarization for the epitaxially strained NaVO3 structure
smoothly decreases while the in-plane polarization smoothly
increases with increasing misfit strain. The out-of-plane
polarization eventually disappears at the phase boundary

Figure 4. Calculated minimum-energy epitaxial structures of (a) KVO3 at η̅ = −3.75% and (b) NaVO3 at η̅ = 1%. Bond lengths are indicated in
units of Ångstroms. This figure was created using VESTA.33
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located at η̅ = 3.75%. The polarization of the minimum energy
structure in NaVO3 has a magnitude of 0.92 C/m2, with nearly
equal contributions from in-plane and out-of-plane compo-
nents.

5. ELECTRONIC STRUCTURES
Figure 5a−c shows the total and projected electronic density of
states (DOS) for the PVO, KVO3, and NaVO3 structures
illustrated in Figures 1c and 4a,b, respectively, calculated by
the HSE06 hybrid functional. The top panel (black line) of
each figure plots the total DOS, while the other three panels
plot the DOS projected onto the s, p, and d orbitals of the
various sites. Projected DOS are included for the A-cation (red
line, A = Pb, K, or Na), vanadium (blue), apical oxygen (light
green), and two symmetry-equivalent equatorial oxygen sites
(dark green). A comparison of the electronic structures of
these three systems leads to key insights into the role of the A-
site species in the bonding, as well as the effect of changing the
nominal vanadium oxidation state from V4+, as in PVO, to V5+,
for KVO3 and NaVO3. The nominal oxidation state for these
latter two systems is assumed on the basis of their d0 transition
element B-sites.1

Figure 5a plots the DOS for the PVO structure shown in
Figure 1c. The electronic structure of PVO has been calculated
previously2,6,9 using semilocal DFT, while the present work
employs hybrid functionals. With the exception of the band
gap, the present results are very similar to those reported in
previous work, and thus a discussion of the PVO DOS will be
limited here. It should be noted that, in prior work, a C-type
antiferromagnetic ordering of the magnetic moments has been
shown to be slightly lower in energy than a ferromagnetic
(FM) ordering.6 In the present work, which is focused on
exploring trends across the different vanadate compounds, we
have considered only the FM state, which yields a magnetic
moment of 1 μB/f.u., localized on the V ion. The PVO DOS in
Figure 5a features a bandgap of 2.35 eV determined by the
splitting between occupied and unoccupied V 3d states. A
single electron occupies the majority-spin vanadium dxy state
(blue, −1 to 0 eV), resulting in vanadium having a V4+ (d1)
configuration in an ionic picture. We note that, in the DOS
calculations for the PVO compound, we neglected the effects
of spin−orbit coupling (SOC), which can be expected to be
relatively large for the heavy Pb ion. On the basis of previous
calculations where these effects were considered for Pb-based
perovskite oxides,43 the features of the DOS near the valence
and conduction band edges are not expected to be significantly
altered.
The stereochemically active Pb site plays an important role

in the bonding and electronic structure of PVO. Both the Pb−
O and V−O bonds display covalent character. As shown in
Figure 5a, the Pb 6s states in the valence band and low-lying
Pb 6p states in the conduction band mix with O 2p states.
These same O 2p states also display hybridization with V 3d
states, thus suggesting competition between vanadyl and Pb−
O bonds; this effect is discussed in detail in ref 2. As a result of
this competition, the vanadyl bond in PVO is relatively weak,
as evidenced by a relatively long bond length compared to
vanadyl bonds commonly observed in inorganic compounds.
Figure 5b,c shows DOS plots for the minimum energy

epitaxial phases (see Figure 4) of KVO3 and NaVO3,
respectively. Both are charge-transfer insulators with the states
at the valence-band maximum (VBM) being largely of O 2p
character. The HSE06 bandgaps of KVO3 and NaVO3 are 2.07

Figure 5. Total and projected density of states for (a) PVO (Figure
1c), (b) KVO3 (Figure 4a), and (c) NaVO3 (Figure 4b). Black lines
indicate values of the total DOS, while colored lines give values of the
projected DOS, with values of the A-cation in red, vanadium in blue,
the apical oxygen in light green, and the two symmetry-equivalent
equatorial oxygens in dark green. For d states, spin-up and spin-down
states are denoted by positive and negative values. The zero of energy
in the horizontal axis is set to the Fermi level.
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and 2.98 eV, respectively. The ground state is non-spin-
polarized in both structures. Both in the valence and
conduction bands, the V 3d states of KVO3 and NaVO3 mix
significantly with O 2p states, indicating strong covalent
character. In general, the strong tetragonal distortion of KVO3
results in distinct electronic behaviors for the apical versus the
equatorial O sites, whereas the almost cubic lattice in NaVO3
leads to nearly identical behavior for all of the O sites. Unlike
PVO, no A-site states appear near the VBM. At approximately
6.5 eV below the VBM, both systems exhibit a sharp peak
corresponding to states with mixed V 4s, O 2p, and V 3d
character. In the case of KVO3, the equatorial O 2p states mix
with largely V s and V 3dx2−y2 states, while in NaVO3, both the
apical and equatorial O states mix with V 4s and equal parts V
3dz

2 and V 3dx2−y2 states. The states above approximately −5
eV are largely of V 3dxz and V 3dyz character for KVO3 and
equal parts V 3dxz, V 3dyz, and V 3dxy for NaVO3. The apical O
states in KVO3 mix more strongly with these states in a second
peak. The states at the VBM are of dominant O 2p character in
both compounds, and those at the conduction-band minimum
are of primarily V 3d character.
As mentioned above, the strength of the vanadyl bond in

PVO is relatively weakened by the spatially extended Pb 6p
electronic states that compete with vanadium in the bonding
with oxygen. It thus seems reasonable that substitution of Pb
with a cation not possessing these extended 6p states might
facilitate vanadyl bonding in the system. When this is examined
in ref 2 by DFT calculations, replacement of Pb2+ with Ca2+

leads to broadening of the t2g bands and alteration of the
crystal field so that the vanadyl bond is no longer stabilized. A
key result of the calculations shown in Figure 5 is that the
strength of the vanadyl bond is strengthened by replacing the
divalent Pb A-site cation with monovalent Na or K. The
monovalent alkali metal A-sites do not have the spatially
extended 6p states needed to bond covalently with oxygen, and
their presence also does not spoil the crystal field scheme
required to stabilize strong V−O bonding. The result is
significant mixing between occupied V 3d and O 2p states,
which is consistent with the shorter average V−O bond lengths
of these two systems as compared to those of PVO.

6. SUMMARY

The ground-state epitaxial phases and energetic, polar, and
electronic properties of two alkali-metal vanadates, KVO3 and
NaVO3, are studied computationally by DFT calculations.
Both KVO3 and NaVO3 exhibit epitaxially stabilized perov-
skite-derivative phases with vanadyl bonding, large polar-
izations, and low epitaxial strain energies. The predicted
ground-state epitaxial phase diagram for KVO3 shows an
energetic driving force for strain-induced phase separation
between a structure with Cm symmetry having a large
polarization and square pyramidal coordination of the B-site
and a nonpolar epitaxial Pbcm structure displaying tetrahedral
coordination of the B-site. The electronic structure of the
epitaxial phases of KVO3 and NaVO3 are calculated and
compared with those of the experimentally observed perov-
skite-derivative PVO compound. These calculations show that
substitution of divalent Pb cations with monovalent K or Na
increases the strength of the vanadyl bond, due to the removal
of the spatially extended Pb 6p states that compete with V−O
bonding.
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