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Hybrid density functional theory study of vanadium monoxide
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First-principles calculations of nondefective VO in theFm3̄m structure based on a range of single-particle
Hamiltonians containing varying amounts of exact exchange indicate that the ground electronic state is that of
a d3 high spin, antiferromagnetic~AF!, Mott-Hubbard insulator with an AF1 spin alignment of the local cation
moments. This description remains essentially unchanged down to 10% exact exchange, and only for the pure
density functional theory~DFT! potential is the AF1 phase found to be metallic. Strong spin-lattice interaction
is predicted with differences in lattice constant of up to 1.6% between AF1 and FM~ferromagnetic! order. The
AF1 lattice constant is predicted to be;4.37 Å, which is roughly 7% greater than the reported lattice constants
for the defective material. The bulk modulus is comparable to those of CaO, MnO, and NiO. A mapping of
total energies onto an Ising spin Hamiltonian containing both direct and superexchange interactions reveals the
dominant magnetic interaction to be the direct coupling of antiferromagnetically aligned nearest-neighbor
cation spins, which leads to the stability of the AF1 phase. Direct coupling energies are found in the range
211.1 to244.3 meV as the proportion of exact exchange is reduced, leading to an estimated critical disorder
temperature in the range 300–450 K. However, the limitations of such mapping are exposed by a consideration
of the relative stabilities of the AF1 and AF3 alignments. Orbital projected densities of states reveal filled to
unfilled gaps which depend strongly on the proportion of exact exchange and for the B3LYP potential~20%
exact exchange! are ;2.5 eV for the spin-forbiddenxy(↑)→xy(↓) excitation,;3.0 eV for xy(↑)→z2(↑),
and;3.5 eV for V→O charge transfer. Variationally stable, highly local crystal-field excited states ranging in
energy from;0.6 to;2.7 eV are predicted for exchange-correlation potentials down to 30% exact exchange
and from comparisons with the corresponding band excitation estimates of;1 to ;2 eV are obtained for the
localization energy of Frenkel excitons. From a mapping of the excited crystal-field energies onto a Kanamori
Hamiltonian, values are obtained for the lattice Racah B and C parameters and thed-orbital averaged exchange
and crystal-field energies. A comparison of mapped and directly calculated energies of the two-electron exci-
tation (xz,yz)→(z2,x22y2) confirms the validity of Kanamori mapping, notably in the limit of exact ex-
change.

DOI: 10.1103/PhysRevB.69.115119 PACS number~s!: 71.20.2b, 71.27.1a, 71.35.2y, 75.25.1z
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I. INTRODUCTION

Amongst the transition-metal oxides, those of the hig
valence states of vanadium find diverse application as ox
tion catalysts,1 lithium insertion electrodes,2 environmental
sensors3 and optical devices, and may even be formed i
nanotubes.4 Progress will inevitably be aided by an unde
standing of the electronic and magnetic structures of th
systems, and while the complexity and subtlety of the fu
damental properties of these systems continue to pose se
and particular difficulties for theory, a sound description
the structurally simpler lower oxide, vanadium monoxid
VOx , will contribute usefully to an understanding of the fu
V-O phase diagram. To date, however, such a basic des
tion has proved to be elusive, although the reasons for
are clear. Tight control of the stoichiometry,x, is difficult to
achieve in addition to which VOx is undoubtedly close to a
Mott-Hubbard transition, while possessing a complex def
structure, over a wide composition range.

The structural and electrical characterization of VOx has
an interesting history. Early work suggested that at low te
perature VOx breaks down into a mixture of a body-center
tetragonal phase of composition V3O and a V3O4 phase
which is either body-centered cubic or body-centered tetr
onal, with ac/a ratio close to unity.5 Later work established
0163-1829/2004/69~11!/115119~15!/$22.50 69 1151
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that VOx is structurally homogeneous in theFm3̄m rocksalt
lattice over a wide composition range, 0.8,x,1.3.6,7 X-ray
crystallography of phases with differing compositions d
closed the presence of varying concentrations of vacan
on both cation and anion sublattices. Only forx51.0 are the
concentrations of both metal and oxygen vacancies eq
amounting to'15% of the available sites.8 The lattice con-
stant is found to increase across the homogeneity range,
'4.03 Å atx50.8 to 4.13 Å atx51.3 at room temperature
with values of 4.071~Ref. 9! and 4.063 Å~Ref. 8! reported
for the nominally stoichiometric phase, VO.

A metal to semiconducting phase transition has been
ported at a critical temperatureT05125 K ~Refs. 10 and 11!,
although later authors8,12 suggested that this transition in th
earlier samples was due to the presence of V2O3. A study of
the magnetic properties of the system found antiferrom
netic behavior forx51.25 and 1.147 with critical tempera
tures of 7.0 and 4.6 K, respectively. Compositions w
higher metal content display paramagnetic susceptibility,
no transitions associated with ordering of the atomic m
ments have been observed.9,12

In terms of electrical characterization, there is a lar
body of work which shows that VOx displays metallic char-
acteristics forx,1 and semiconductivity forx.1. Activa-
tion energies for electronic conduction have been obtai
©2004 The American Physical Society19-1
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which increase withx from 231023 eV at x51.0 to '50
31023 eV atx51.3,9,12–21and variations in resistivity from
731024 to 1 V cm in the range20.2,x,0.2 at room tem-
perature. Such behavior differs from that found in the str
turally related compound TiOx , which remains metallic
throughout the stoichiometry range 0.75,x,1.3, and under-
goes a superconducting transition at low temperature.
superconductivity has been found in VOx down to a tempera-
ture of 0.3 K. Measurements of the Seebeck coefficienta in
VOx show a change in sign atx51, indicating conduction by
holes for higher metal content and by electrons for hig
oxygen content. The coexistence of charge carriers of op
site electrical polarity in VOx has been confirmed by magn
toresistance studies.21,22

Historically, band theoretical methods of varying soph

tication have been applied to the idealFm3̄m VO lattice.
Early non-self-consistent calculations based on a linear c
bination of atomic orbitals~LCAO! tight-binding method,
Slater’s r4/3 exchange potential,23 and a series ofad hoc
crystal potentials yielded a metallic ground state, with
Fermi energy lying in the V(3d) band. A very broadd band
of width ;7 eV was also predicted on the basis of the n
tral atom potential.24 These calculations were performed
the experimental lattice constant of the defective lattice,
made no allowance for spin polarization. Non-self-consist
augmented plane-wave~APW! calculations,25 again at the
defective lattice constant, with Slater exchange andad hoc
crystal potentials led to similar conclusions. A self-consist
APW study of the lighter transition-metal monoxides bas
on Xa exchange predicted VO to be ad-band metal, with a
bandwidth of ;7.5 eV, at the observed lattice constant26

Self-consistent atomic sphere approximation calculati
employing the local spin-exchange-correlation functional
von-Barth and Hedin27 were conducted as a function of la
tice constant,28 and once again indicated ad-band metal with
an approximate bandwidth of 8 eV. More recently, a fir
principles spin-unrestricted Hartree-Fock~UHF! calculation
based on localized atomic orbitals predicted VO to be a h
spin antiferromagnetic Mott-Hubbard insulator, with an o
timized lattice constant of 4.460 Å.29

Clearly there are fundamental differences between fi
principles DFT and UHF calculations as to the nature of
ground state of the fully stoichiometric, nondefectiveFm3̄m
VO lattice, with, perhaps, even more profound differenc
for the technologically important higher oxides. This is
unsatisfactory situation in view of the success of both D
and UHF methodologies in describing the ground states
wide range of first-row transition-metal oxides. Here we
port fresh studies of the ground state of VO, which we ha
extended to thed→d excited states, to shed light on some
these differences.

Initial insight into the ground state of fully stoichiometric
nondefective VO might be sought from a consideration
the d-band occupancies of the subgroup, CaO, VO, Mn
NiO, and ZnO, of theFm3̄m oxides. Assuming comparabl
ionicities and crystal-field characteristics, the spin band
cupancies can be written as
11511
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CaO—,

VO dt2g

3 ~↑ !,

MnO dt2g

3 ~↑ !deg

2 ~↑ !,

NiO dt2g

3 ~↑ !dt2g

3 ~↓ !deg

2 ~↑ !,

ZnO dt2g

3 ~↑ !dt2g

3 ~↓ !deg

2 ~↑ !deg

2 ~↓ !.

Now CaO, MnO, NiO, and~presumably! ZnO with 0, 2, 3,
and 4 completely filled spin bands, respectively, are all in
lating, from which it might reasonably be concluded that V
with one completely filled spin band,dt2g

3 (↑), would also be

insulating. Furthermore, it might be anticipated that V
would display Mott-Hubbard~MH! characteristics within the
Zaanen, Sawatzky, and Allen classification.30 It is known,
both from studies of the elemental transition metals and
oxides that thed band gradually falls in energy relative to th
O(2p) band and contracts spatially as it is filled, for th
added electron cannot fully screen the increase in nuc
charge.28 Therefore, charge-transfer behavior at the right
the transition series should give way to MH behavior at
left. Finally, it might also be expected that VO would exhib
antiferromagnetic spin alignment by comparison with t
two magnetic members of the subgroup, MnO and NiO.

The failure of the local-density approximation~LDA ! and
to a limited extent the gradient corrected density function
to correctly describe the insulating ground state of the m
jority of the late transition metal oxides is now wide
acknowledged.31–36 For example, the LDA predicts NiO to
be ad-band metal, rather than the experimentally observ
charge-transfer insulator. A small band gap is found in M
only by virtue of the imposition of antiferromagnetic orde
while it is known experimentally that the insulating sta
persists well above the Ne´el temperature. The introductio
into the LDA of a potential, which depends on orbital occ
pation either through self-interaction correction37,38 or from
the imposition of an arbitraryU (LDA1U) ~Refs. 39–41!,
seems to correct the grosser deficiencies of the purely l
functionals, opening gaps at the Fermi level and increas
atomic moments. However, against these apparent lim
tions of DFT, at least within the local-density approximatio
a relatively recent study of TiOx has demonstrated the powe
and utility of this approach in describing the lattice structu
of the nonstoichiometric phases of the 3d oxides.42 It is ap-
parent that, despite an inaccurate ground state, the LDA
vides an acceptable account of the relative energetics of
structural phases.

Accordingly, to resolve some of these issues and to p
dict the magnetic characteristics of and elementary exc
tions in stoichiometric, nondefective VO prior to potenti
high-pressure studies, we have carried out a hybrid dens
functional study of this system along the lines reported
cently for MgO,32 NiO,32,43 and CoO.32
9-2
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II. THEORETICAL METHODS

A. Hybrid DFT Hamiltonians

As discussed above, all previous DFT calculations
ideal VO have employed purely local functionals, in whi
the spurious self-interaction might be expected to cause
physical effects. In contrast, in the UHF method, the Co
lomb self-interaction is exactly canceled by self-exchan
terms in the exchange series, so that the potential is t
dependent upon orbital occupancy. In an attempt to emb
the advantages of both DFT and UHF methods in a uni
single-particle approach, so-called hybrid methods have b
developed, of which the B3LYP method is perhaps the m
successful. This was originally developed to improve the t
oretical thermochemistry of small molecules44 and subse-
quently shown to yield molecular geometries45 that are sig-
nificant improvements over those obtained from curren
available gradient corrected functionals. The difficulties
volved in calculating the exact Fock exchange for perio
systems have now been overcome, and the B3LYP me
has recently been applied to a number of solids, including
transition metal-oxides.32,43,48

The essence of the B3LYP method is that the exchan
correlation contribution to the Kohn-Sham Hamiltonia
f B3LYP

xc , is given by

f B3LYP
xc 5 f B3

x 10.81f LYP
c 10.19f VWN

c ,

where f LYP
c and f VWN

c are the correlation functionals of Lee
Yang, and Parr46 and Vosko, Wilk, and Nusair,47 respectively.
The exchange functionalf B3

x is a weighted sum of exac
UHF ( f UHF

x ) and gradient-corrected local spin-density a
proximation~LSDA! ( f LSDA

x 10.9D f B88
x ) ~Ref. 44! contribu-

tions

f B3
x 5~12F0!~ f LSDA

x 10.9D f B88
x !1F0f UHF

x

andF0 an arbitrary weighting parameter.F0 values of 1 and
0 correspond to exact exchange~UHF! and pure DFT de-
scriptions, respectively, while a value of 0.2 corresponds
actly to Becke’s original three-parameter exchange fu
tional (B3).44 It is this hybrid methodology that we hav
followed in the present study. Although the presence of o
20% of the exact exchange is not sufficient to cancel
Coulomb self-interaction, the method has been shown
yield values for the gaps between the filled O(2p) and empty
metal 3d states which are apparently in close agreement w
experimental band gaps of varying provenance.48 Optimized
structural parameters are typically found to lie within a bro
range of62% of the experimental values.

The approach we followed was to varyF0 in the range
0<F0<1, yielding a series of hybrid Hamiltonians, includ
ing the B3LYP (F050.2). The specific values ofF0 used
were 0.0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0, thus allowing u
examine the effect of varying amounts of exact exchange
the electronic and magnetic properties of VO. In additio
and for comparison, UHF calculations without correlati
were also carried out.
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B. Ising spin Hamiltonian

To exploit further the calculations for the individual ma
netic states, we have extracted direct,Jd , and superex-
change,Jse, coupling constants by mapping the total en
gies of the FM, AF1 , and AF2 alignments onto an Ising spin
Hamiltonian of the form

Ĥ Ising5Ĥ Ising
0 2

Jd

2 (
i j

nn

s is j1
Jse

2 (
i j

nnn

s is j ,

where the summations run over nearest neighbors~nn! and
next-nearest neighbors~nnn!, and the spin variables, takes
values of61. In this form, the magnitudes of the local spi
density differences,̂ Sz&, are subsumed intoJd and Jse
which, more correctly, represent coupling energies. The c
responding mapping equations are of the form

E~M !5EIsing
0 2

Jd

2
@Nnn~↑↑ !2Nnn~↑↓ !#1

Jse

2
@Nnnn~↑↑ !

2Nnnn~↑↓ !#,

whereNnn andNnnn are the numbers of nn and nnn paral
~↑↑! and antiparallel spins~↑↓! in theM alignment. The cou-
pling constants are then given by

Jd5 1
8 @E~AF1!2E~FM!#,

Jse5Jd2 1
6 @E~AF2!2E~FM!#

in which the energies of the magnetic states are per form
unit.

C. Kanamori crystal-field Hamiltonian

As in the case of magnetic state energies, which are c
veniently mapped onto an Ising spin Hamiltonian,d→d ex-
citations can be mapped onto a crystal-field Hamiltonian,
which that proposed by Kanamori is particularly suitable49

For an isolated metal site, this takes the form

ĤCF5ĤCF
0 1

1

2 (
ḡ

(
s̄

C~1,2!ag1s1

† ag2s2

† ag
28s

28
ag

18s
18

in which ḡ5g1g2g18g28 ands̄5s1s2s18s28 . The integrals of
the two-electron interactions are

C~1,2!5^g1s1 ,g2s2u
e2

r12r2
ug18s18 ,g28s28&,

whereg and g8 label the orbitals of thed manifold, ands
and s8 the electron spin. The single-particle creation a
annihilation operators follow the usual notation. Three d
tinct types ofd-d interaction can be identified.

~i! Intraband Coulomb termsU5^gs,gs8igs,gs8&
with sÞs8.

~ii ! Interband Coulomb termsU85^gs,g8s8igs,g8s8&
with gÞg8.

~iii ! Interband exchange termsJ5^gs,g8s8ig8s,gs8&
with gÞg8.
9-3
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These can be written in terms of the RacahA, B, and C
parameters of atomic spectroscopy,50 with U5A14B
13C. U8 andJ on the other hand are orbital dependent,
shown in Table I, but may be conveniently averaged over
d manifold for the purposes of simplification, leading to t
orbital ~g! and spin~s! independent expressions

U85A2B1C, J5 5
2 B1C.

Mapping the ground and spin-allowedd→d excited states
onto HCF, respecting the orbital dependence of the inter
tions presented in Table I, gives

Eground5ECF
0 13A215B,

Exy→z25ECF
0 13A23B1DCF,

Exy→x22y25ECF
0 13A215B1DCF

Exz,yz→z2,x22y25ECF
0 13A212B12DCF.

The Laporte and spin-forbiddenxy(↑)→xy(↓) excitation
can also be mapped ontoHCF yielding

Exy(↑)→xy(↓)5ECF
0 13A29B12C,

where DCF is the eg2t2g crystal-field splitting. Thus, the
excitation energies derived from transitions between
above states can be equated directly to first-principles to
energy differences. Clearly,DCF is obtained directly from
DExy→x22y2 while B can be derived from either of the tw
other Laporte forbidden, but spin-allowed transitions. In t
way, the validity of mapping first-principles calculations on
the Kanamori crystal-field Hamiltonian can also be verifi
by comparing the first-principles total-energy difference
the spin-allowed two-electron excitation, (xz,yz)→(z2,x2

2y2), with that derived fromDCF andB obtained from the
two spin-allowed one-electron excitations. Clearly,B can
also be derived fromDExy,yz→z2,x22y2, and this is used to
predict the energy for thexy→z2 excitation. TheC param-
eter may be obtained only from the spin-forbidden excitat
DExy(↑)→xy(↓) .

D. Computational conditions

First-principles, spin polarized, periodic Hartree-Fock a
density-functional theory based on localized atomic orbit
have been embodied within theCRYSTAL98 code.51 In this

TABLE I. Interband Coulomb and exchange integrals,U8 and
J, as a function ofd orbitals,g andg8, expressed in terms of th
Racah,A, B, andC parameters.

g g8 U8 J

xy, yz, xz xy, yz, xz A22B1C 3B1C
x22y2, z2 x22y2, z2 A24B1C 4B1C

xy x22y2 A14B1C C
xy z2 A24B1C 4B1C

yz, xz x22y2 A22B1C 3B1C
yz, xz z2 A12B1C B1C
11511
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study the crystal orbitals were expanded in a set of 39 ato
orbitals, 25 for V and 14 for O. In the notation use
previously,29,51 the V orbitals comprised seven shells of th
type 1s(8), 2sp(6), 3sp(4), 4sp(1), 5sp(1), 3d(4),
4d(1) and the O orbitals four shells of the type 1s(8),
2sp(6), 3sp(4), 4sp(1), where the numbers 1,2,3,... iden
tify the different shells and the numbers in brackets are
numbers of primitive Gaussian-type functions in the contr
tion for the atomic orbital. Open shell systems were trea
by the UHF procedure. The inclusion of a secondd shell,
4d(1), in theprevious V basis set,29 and subsequent reopt
mization of all cation and anion valence exponents,
creased the Mulliken charge by 0.14e and led to energy dif-
ferences between magnetic states that differed from prev
values29 by <10 meV per atom. However, since this com
pares with typical magnetic interactions within the first-ro
transition-metal oxides, the V(4d) shell and necessary va
lence reoptimizations were retained in all subsequent ca
lations. The number and angular symmetry of the Gauss
functions used here are broadly similar to those emplo
recently by Moreira, Illas, and Martin in their hybrid DF
study of NiO.43

The implementation of DFT in theCRYSTAL98 code re-
quires the specification of an auxiliary basis of Gaussi
type functions for the fitting of the exchange-correlation p
tential. For this purpose, the following even-tempered ba
of Gaussian-type functions were employed: 14s-type func-
tions with exponents in the range 0.07–4000.0, onep-type,
oned-type, and onef -type function, each with exponent 0.
were used for O, and 13s-type functions with exponents in
the range 0.1–4000.0, onep-type function with exponents in
the range 0.3–0.9, onef -type function with exponent 0.8
and threeg-type functions with exponents in the range 0.45
3.3 for V.

A Monkhorst-Pack shrinking factor of 8, which was use
for cells of all sizes, and truncation thresholds of 1027,
1027, 1027, 1027, and 10214 for the Coulomb and exchang
series51 ensured convergence of the total UHF energies
three magnetic states to<0.1 meV, while self-consisten
field convergence thresholds were set to 1027 a.u. for both
eigenvalues and total energies. These tolerances are si
to those used for a wide range of previous calculations.32,43

Four different types of magnetic order were considered
this study, the FM and three AF. The latter comprise
type-I (AF1) structure, in which the double nonmagnet
primitive cell consists of ferromagnetic~100! planes of alter-
nating spin along the@100# axis, the type-II (AF2) structure,
in which the double primitive cell consists of ferromagne
~111! planes of alternating spin in the@111# direction, and the
type-III (AF3) structure, in which the quadruple primitiv
cell consists of ferromagnetic~210! planes of alternating spin
in the normal direction. The Miller indices and crystal dire
tions noted above are for the conventional crystallograp
cell. The total energy and properties of the FM state can
course, be calculated from the primitive cell, but in t
present work was always extracted from the double cell. T
ensures that the restriction to FM order implicit in the prim
tive cell does not affect the energy of the state. As a tes
the various numerical parameters used in this study, the
9-4
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TABLE II. Lattice constanta0 ~Å!, total Mulliken chargesqM(e), cation spin momentnS(mB), and energyDEM ~meV/molecule! of the
FM and AF2 alignments relative to AF1 as a function ofF0 .

a0 qM nS DEM

F0 AF1 AF2 FM AF1 AF2 FM AF1 AF2 FM AF2
a FMb

UHF 4.4545 4.4539 4.4715 1.686 1.686 1.689 3.008 3.027 3.010 10.1, 10.1 88.6, 8
1.0 4.3511 4.3528 4.3767 1.647 1.647 1.647 2.967 2.983 2.988 15.8, 15.8 118.4, 1
0.8 4.3595 4.3615 4.3865 1.608 1.607 1.611 2.959 2.976 2.986 18.4, 17.9 140.3, 1
0.6 4.3692 4.3737 4.4049 1.562 1.560 1.566 2.945 2.965 2.984 21.4, 20.5 169.2, 1
0.4 4.3761 4.3815 4.4168 1.504 1.503 1.510 2.919 2.943 2.981 26.1, 24.9 213.4, 2
0.2 4.3813 4.3824 4.4311 1.433 1.431 1.442 2.860 2.891 2.978 31.1, 30.4 285.0, 2
0.1 4.3803 4.3898 4.4577c 1.390 1.387 1.400 2.794 2.831 2.938 35.8, 32.4 354.4, 324
0.0 4.3601c 1.320 2.446

aFirst entry5@E(AF2)2E(AF1) at a0(AF1)#. Second entry5@E(AF2) at a0(AF2)#2@E(AF1) at a0(AF1)#.
bFM, as for AF2 above.
cConducting state.
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ergy of the FM state was calculated by the UHF method
the primitive, double, and quadruple cells with the brok
metal sublattice symmetries appropriate to the descriptio
the various AF states. In each case, the total energy per
mula unit was found to be identical to within the tolerance
the SCF convergence.

Mulliken population analyses of the crystalline orbita
were used to extract the net atomic charges, magnetic
ments, and individual orbital occupations as in previous st
ies.

III. RESULTS AND DISCUSSION

A. Bulk lattice and electronic structure

For the entire range of hybrid Hamiltonians, the grou
electronic states of the FM, AF1 , and AF2 spin alignments
were found to be insulating, with the exception of the F
alignment atF050.1 and the pure DFT AF1 alignment,
which were found to be conducting. Lattice constants (a0)
were obtained from fourth-order polynomials fitted to tot
energy-volume curves calculated within610% of the previ-
ous UHF value for the FM state~4.460 Å!. The resultinga0
for the full range of exchange-correlation potentials are giv
in the first three columns of Table II and shown graphica
in Fig. 1. For the pure DFT description, convergence w
problematic for all three magnetic structures, even with
hanced reciprocal space sampling and with Fermi smea
of the Kohn-Sham orbital occupancies. At this limit of ze
exact exchange only the AF1 alignment produced an energy
volume curve which was sufficiently smooth to yielda0 to
an acceptable accuracy. As evident in Fig. 1, the larg
changes ina0 result from the addition of correlation to exa
exchange~UHF!, at which point the lattice contracts b
;2.4% of the uncorrelated value with a slight increase in
differences between the three magnetic states. Thereafte
creasing the amount of exact exchange leads to an increa
the AF1 and AF2 lattice constants to a maximum of;0.7%
above the correlated UHF values for 0.1<F0<0.2. In con-
trast, the FM lattice constant shows no turning point at l
F0 and expands to a maximum of;1.9% above the corre
11511
r

of
r-

f

o-
-

n

s
-
g

st

e
de-

in

lated UHF value. In the limit of zero exact exchange, t
AF1 lattice constant is seen to decrease sharply, the m
likely cause of which is the onset of metallic behavior.
possible explanation of this abrupt change is discussed
in this section in terms of the calculated density of states

The equilibrium bulk modulusK0 was obtained for each
Hamiltonian by a least-squares fitting of the AF1 energy-
volume data to the Murnaghan equation of state.52 For this
purpose, a restricted set of lattice constants within62% of
the appropriatea0 were used. The variation ofK0 with
exchange-correlation functional is shown in Fig. 2, where
is seen to range from;175 GPa forF050.1 to ;200 GPa
for correlated UHF. The pure UHF value is;170 GPa and
pure DFT~metallic! 162 GPa. While there are no experime
tal data,K0 reported here might usefully be compared w
values ranging from 120 GPa for CaO53 to 190 GPa for
NiO.54 It should be noted that the Murnaghan and polyn
mial fits of the energy-volume data yield essentially identi
optimized lattice parameters.

FIG. 1. The AF1 ~s!, AF2 ~h!, and FM ~n! optimized lattice
constants,a0 , as a function ofF0 .
9-5
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Identical calculations for the lowest-energy spin alig
ment of MnO (AF2) reveal this to be insulating across th
complete range ofF0 , with very similar trends to those
found for VO. As shown, in Fig. 3, the addition of correl
tion to exact exchange contracts the lattice by;2.3%, while
decreasing the amount of exact exchange leads to an ex
sion of the lattice to a maximum of;1.3% above the cor-
related UHF value atF050.1. However, a noticeable differ
ence from VO is that there is no abrupt decrease in volum
the DFT limit. Now the experimental low-temperature latti
constant of MnO is 4.445 Å,55 which from Fig. 3 corre-
sponds to a value ofF0 close to 0.7. A similar exchange
correlation potential for the AF1 alignment of VO suggests
lattice constant in the region of 4.37 Å. Figure 4 shows t
the bulk modulus increases from the pure DFT value of 1
to 194 GPa for correlated UHF, with the pure UHF val

FIG. 3. The optimized lattice constanta0 for the AF2 ground
state of MnO as a function ofF0 . ~The arrow marks experimenta
value55!.

FIG. 2. The bulk modulusK0 of the AF1 ground state as a
function of F0 .
11511
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;30 GPa below this, as in the case of VO. These val
compare with static and dynamic experimental bulk mod
in the range 144–162 GPa.55–59 Unlike VO, but in keeping
with the variation of lattice constant, there is no abrupt d
crease in bulk modulus of MnO in the DFT limit. Thus, th
differences between the two materials in the purely lo
functional might reasonably be attributed to the transition
a metallic ground state in VO and the retention of an ene
gap in MnO.

Turning now to the electronic structure, the Mullike
charges and cation spin moments for VO shown in Table
indicate a largely ionic system forF0>0.6. Both the ionicity
and local cation moment decrease as the proportion of e
exchange decreases. This implies that the gross electr
state of the crystal tends not toward singly charged io
which would require an increase in the cation spin mome
but instead toward a metallic solution. An interesting obs
vation here is that the spin polarization of the oxygen s
lattice varies both withF0 and magnetic order. Typical val
ues for the net spin densities on the two oxygen atoms of
magnetic unit cell are (20.007, 0.004! and~0.012, 0.012! for
the AF1 and FM alignments, respectively, at the limit o
correlated exact exchange and (20.010, 0.007! and ~0.024,
0.024! for an F0 value of 0.1. Spin polarization of the anio
is forbidden by symmetry in the AF2 alignment. Such polar-
ization of the anion in the FM state has been noted in D
studies of NiO~Ref. 43! but has no basis in experiment
observation. The decreased ionicity of the FM state based
exact exchange derived from the present, enriched V b
set compared with that reported previously29 can be attrib-
uted, in part, simply to the inclusion of a 4d polarization
function and, in part, to the optimization of the orbital exp
nent. To show this, an unoptimized V21 bare ion 4d shell
was added to the 6-shell V basis of the previous study, le
ing to a decrease in the ionicity of the FM state by 0.05e,
without any change in the valence orbital exponents.

FIG. 4. The bulk modulusK0 of the AF2 ground state of MnO
as a function ofF0 . ~The arrows mark the range of experiment
data55–59!.
9-6
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FIG. 5. Orbital projected densities of statesN(E) vs energyE; for the AF1 state~a! F050.0, ~b! F050.2, ~c! F050.6, ~d! F051.0; for
the AF2 state~e! F050.2, ~f! F050.6, ~g! F051.0; for the FM state~h! F050.2, ~i! F050.6, ~j! F051.0. Fermi energies are set to zer
a
ly

re
n-
tion
The energies of the AF2 and FM alignments relative to
AF1 given in Table II show that AF1 order is lowest in en-
ergy for the entire range of exchange-correlation function
considered in this study. This is in keeping with the large
11511
ls

high spin t2g
3 d-orbital occupation and cation moments

vealed by the Mulliken analyses. In the rocksalt transitio
metal oxides, the strength of the superexchange interac
depends critically on the occupation of theeg orbitals, for it
9-7
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FIG. 5. ~Continued.!
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is these that strongly overlap the 2p orbitals of the neighbor-
ing anions. The superexchange dominated AF2 ground state
found in MnO and NiO would not therefore be expected
this material. The dependence ofa0 on magnetic order is
indicative of a strong spin-lattice interaction in VO, and
gauge the strength of this coupling, identical calculations
the limit of exact exchange were carried out for MnO. La
tice parameters of 4.423, 4.419, and 4.425 Å were obtai
for the AF1 , AF2 ~ground-state!, and FM symmetries, re
spectively, leading to a maximum variation of 0.006 Å,
0.136% between the AF2 and FM values. This compare
with a maximum variation of 0.026 Å, or 0.598% betwe
the AF1 and FM states in VO, which is approximately fou
times that in MnO.

Figure 5 contains the atomic-orbital projected densities
states~DOS! for the three magnetic states, for 20%, 60
and 100% exact exchange, all at the AF1 lattice parameter.
Also shown is the DOS for the metallic AF1 state derived
from the pure DFT potential. Details of the energy gaps a
valence bandwidths extracted from these plots are give
11511
n
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f
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d
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Table III. The filled to unfilled band gap for each of th
magnetic states is found to vary linearly withF0 , as shown
in Fig. 6, with

DEg~FM!,DEg~AF1!,DEg~AF2!,

for the entire range of exchange-correlation potentials. T
range from;14 eV at the correlated UHF limit down to
;0.9 eV at the AF1 stability limit of 10% exact exchange
@In the interests of clarity the~wide! UHF gaps have been
omitted from Fig. 6.# An extension of the lines of best fi
down toF050.0 for the AF2 and FM states suggests that th
former may retain a small gap of perhaps~0.3–0.5! eV,
whereas the latter will almost certainly be metallic. The DO
shown in Fig. 5 indicate that forall insulating phases the
filled to unfilled gaps are spanned by vanadium states, le
ing to an unambiguous classification of VO as a MH insu
tor. Furthermore, the character of the valence- a
conduction-band edges is seen to be independent of mag
order, so that pressure or temperature induced magnetic
sitions would not be expected to result in any change of
9-8
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TABLE III. Filled to unfilled gapDEg ~eV! and filled O(2p) and V(t2g) bandwidths,WO ~eV! andWt2g

~eV! for the AF1 alignment as a function ofF0 .

F0

DEg
AF1

WO , Wt2g

AF2

WO , Wt2g

FM
WO , Wt2g

AF1 AF2 FM

UHF 13.955 14.039 13.153 7.297a 7.114a 7.899a

1.0 13.805 14.142 12.141 8.269a 5.537, 2.275 8.736a

0.8 11.045 11.500 9.543 8.254a 5.278, 2.335 8.696a

0.6 8.242 8.896 6.935 5.053, 3.121 4.978, 2.340 8.638a

0.4 5.416 6.196 4.203 4.681, 3.014 4.677, 2.424 8.737a

0.2 2.445 3.239 1.358 4.343, 3.034 4.303, 2.521 4.731, 3.71
0.1 0.926 1.756 0.000 4.178, 3.087 4.104, 2.613 4.478, 3.74
0.0 0.000 4.046, 13.718b

aWhere the O(2p) and V(t2g) bands overlap, the total valence bandwidth is presented as a single ent
bWhere the filled V(t2g) band and empty bands overlap, the O(2p) and net conduction bandwidths are bo
presented.
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insulating character of nondefective VO. An orbital proje
tion of the V(3d) bands confirms that AF1 symmetry splits
the twofold Oh degeneracy of the 3d states in the FM/
nonmagnetic lattice into four nondegenerate subbands, l
ing to an overalld-level ordering and occupancy of the for

~Again, in the interests of visual clarity, this set of mo
detailed projections is not shown on the DOS plots.! As F0
decreases from 0.6 to 0.1, a gap opens between the fi
V( t2g) bands, which broadens by;0.13 eV, and the O(2p)
bands, which narrows by;0.88 eV. More importantly, de-
spite an increase in the weight of the minority V(eg) states

FIG. 6. Filled to unfilled energy gapDEg for the AF1 ~s!, AF2

~h!, and FM~n! states as a function ofF0 .
11511
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as the percentage of exact exchange is reduced, the lo
edge of the conduction band in the AF1 alignment remains
predominantly oft2g character for the entire range of singl
particle potentials we have considered.

These observations raise some interesting issues. W
all the low energy gap excitations are locally Laporte forb
den (D,50), as they must be for a MH system, the lowe
of these,dxy(↑)→dxy(↓), is also spin forbidden (DSÞ0). It
is unlikely, therefore, that the latter could be identified w
any measurable adsorption edge. For the B3LYP poten
which has been observed to yield anion to cation gaps
impressive agreement with data from a variety of source48

the edge to edgedxy(↑)→dxy(↓) (DSÞ0) gap in AF1 VO is
;2.5 eV, the spin-alloweddxy(↑)→dz2(↑) gap ;3.0 eV,
and the V→O charge-transfer gap;3.5 eV, and it is the
latter that might reasonably be expected to lead to an~strong!
absorption edge. For interest, we have also calculated
electronic structure of nondefective VO based on the B3L
potential, but at the observed lattice constant for the stoich
metric,defectivematerial, 4.063 Å.8 These calculations indi-
cate the continued stability of the AF1 magnetic state, and
the existence of adxy(↑)→dxy(↓) gap of width 0.97 eV.
While this is substantially lower than for the equilibrium
structure, the system remains assuredly insulating. Our
culations suggest, therefore, that the metallicity observed
samples of VOx of varying stoichiometry should not be a
tributed to the properties of the underlying perfect lattice
the contracted cell dimensions, but is more likely a con
quence of the presence of defects.

This description of the band structure is reflected in M
liken analyses of the total wave function. At the UHF lev
of approximation, the overlap population between neare
neighbor V and O sites is20.04e, that between V~↑! and
V~↓! sites 0.006e, and there is virtually no overlap densit
between V sites with the same spin. The overlap popula
between O sites is20.008e, which is marginally antibond-
ing, leading to an overall UHF description of the AF1 spin
alignment as essentially ionic. The introduction of corre
tion into the UHF potential leads to a general increase
9-9
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MACKRODT, MIDDLEMISS, AND OWENS PHYSICAL REVIEW B69, 115119 ~2004!
bond populations, indicating a slight overall decrease in
degree of ionicity. Reducing the proportion of exact e
change results in further changes to the overlap populat
in AF1 VO, with an increase in bonding between all neare
neighbor V sites and a reduction in the antibonding chara
of both V-O and O-O interactions. Progression to the me
lic state in the DFT limit leaves the latter two interactio
virtually unchanged, whereas the populations associated
V~↑!-V~↓! and V~↑!-V~↑! nn pairing increase dramaticall
from 0.022e and 0.002e, respectively, atF050.1 to 0.030e
and 0.016e, with a lowering of the Fermi level within thet2g
manifold. Thus in the pure DFT description of VO it is likel
that the metallic state arises from an increased overlap
nearest-neighbor V(3d) orbitals..

Overall, the electronic structure of the AF2 state revealed
by the DOS is quite similar to that of the AF1 , with only
minor changes resulting from the difference in symmetry.
contrast to the AF1 alignment, no splitting of the V(eg) and
V( t2g) states beyond that produced by the octahedral cry
field is observed, which is entirely consistent with the diffe
ent symmetries of the two magnetic supercells. Decrea
the proportion of exact exchange leads to an increasing s
ration of the valence O(2p) and V(t2g) bands, as in the cas
of the AF1 alignment. While the O(2p) bandwidths are simi-
lar, the V(t2g) bands are narrower, indicating a more r
stricted overlap of orbitals than in the AF1 alignment. The
reason for this is the different number of nn cations w
parallel and antiparallel spins in the two alignments. In A1
symmetry, each cation interacts with four parallel and ei
antiparallel metal spins, whereas in AF2 symmetry, the inter-
actions are with six parallel and six antiparallel spins. Ov
lap of the occupiedd states is thus more strongly inhibite
by exchange in the latter magnetic structure, leading t
narrowerd band. This mechanism has no effect on the an
p band, which is almost identical for both types of antiferr
magnetism. The O(2p) band narrows by;1.4 eV asF0 var-
ies from 1.0 to 0.1, whereas the V(t2g) band broadens by
;0.3 eV across the same range. As in the AF1 alignment, the
conduction-band edge is dominated by minority spint2g
states with an increasing weighting of theeg states asF0 is
decreased.

The DOS of the FM states are naturally quite different
those derived from antiferromagnetic order. The net spin
larization carried by the lattice acts to suppress the energ
the majority-spin orbitals relative to the correspondi
minority-spin orbitals, leading to broader bands. As shown
Fig. 5, only majority-spin V(t2g) orbitals occupy the
valence-band edge, while the conduction-band edge
formed from minority-spin V(eg) orbitals. As a result of the
band broadening, a splitting of the O(2p) and V(t2g) va-
lence bands does not occur until the exact exchange
below 20%.

B. Magnetism and phase transitions

Direct and superexchange coupling energies extra
from the total energies of the FM, AF1 , and AF2 spin align-
ments, as outlined in Sec. II A, are given in Table IV. Fro
the sign ofJd and Jse it is evident that both direct and su
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perexchange interactions favor antiferromagnetic alignm
of both nn and nnn vanadium spins. There is a fourfold
crease in the magnitude ofJd and Jse over the range of
single-particle potentials we have considered and, as
pected from arguments presented in Sec. III A, direct
change is found to be more than five times stronger t
superexchange. It is straightforward to show that for an Is
spin Hamiltonian of the type invoked in this study, the d
ference in energy between the AF1 and AF3 alignments,
@E(AF1)2E(AF3)#, is 2Jse, in which case the mapping w
have used here leads to alower energy for AF3 than AF1 .
For the value ofJse derived from UHF energies, for ex-
ample, the difference is14 meV, whereas thedirect total-
energy differenceis 227.5 meV. Thus for fully stoichio-
metric, nondefective VO the stability of the lowest-ener
spin alignments derived from a mapping ofE~FM!, E(AF1),
andE(AF2) onto H Ising is predicted to be in the order

AF3.AF1.AF2.FM,

in contrast to the order of stability obtaineddirectly from
first-principles calculations, which is

AF1.AF2.AF3.FM.

The root of the disparity lies in the assumption, which
implicit in all mappings of this sort, that the electronic stru
tures and bonding in the four magnetic phases are essen
identical. Differences in energy between them are posite
arise solely from the direct and superexchange coupling
identical local moments in identical electronic environmen
leading to identical coupling constants/energies. While t
assumption seems to hold for the more ionic systems, M
and NiO,60 it patently does not hold in the case of VO, a
shown by the strong spin-lattice interaction discussed in S
II A. Further evidence for the small, but important diffe
ences between the three antiferromagnetic phases is fou
the integrated densities of valence states. For example,
total UHF oxygen populations~per formula unit! in the AF1 ,
AF2 , and AF3 alignments are 5.97e, 5.92e, and 5.44e, re-
spectively, and corresponding vanadium populations 2.9e,
3.00e, and 2.95e. Thus, the population of the O(2p) band in
AF3 alignment is;0.5e less than in the two other AF phase

TABLE IV. The direct, Jd ~meV!, and superexchange,Jse

~meV!, coupling constants and mean-field transition temperatu
TN ~K! for the AF1 and AF3 alignments at the optimized AF1 lattice
constants, all as a function ofF0 .

F0 Jd Jse TN (AF1) TN (AF3)

UHF 211.08 12.02 186.86 233.65
1.0 214.80 12.30 263.20 316.65
0.8 217.54 12.79 309.87 374.51
0.6 221.15 13.50 369.15 450.14
0.4 226.67 14.55 460.45 565.97
0.2 235.62 16.69 593.49 748.79
0.1 244.31 18.80 721.67 925.83
9-10
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HYBRID DENSITY FUNCTIONAL THEORY STUDY OF . . . PHYSICAL REVIEW B 69, 115119 ~2004!
and it is precisely these differences that invalidate the
sumptions implicit in mapping first-principles energies on
H Ising in the case of VO.

The above remarks notwithstanding, we have usedJd and
Jse to provide qualitative estimates of the Ne´el temperatures
of the AF1 and AF3 phases. Elementary considerations in
cate that within a mean-field approximation forH Ising, ^s&
for these two phases is given by

^s&AF1
5tanhF2

2Jd13Jse

kBT G ,
^s&AF3

5tanhF2
2Jd1Jse

kBT G ,
which as^s&→0 leads to

TN@AF1#5
22Jd23Jse

kB
,

TN@AF3#5
22Jd2Jse

kB
.

The variation ofTN with F0 is shown in Fig. 7, where it
should be noted that mean-field theory is known to overe
mateTN by a factor;4/3 through the neglect of fluctuation
Recent work on MnO and NiO61 has shown that direct an
superexchange coupling constants close to the magnon
rived values are obtained from hybrid functionals contain
20%–50% exact exchange, which for VO would lead to
AF1 critical temperature in the range 300–450 K.

C. Crystal-field excitations

The existence of weak, orbitally forbidden (D l 50) exci-
tations in the paradigm magnetic insulators NiO and M
has been revealed by optical-absorption studies and elec
energy-loss spectroscopy. The absorptions are found to
within the bulk band gap, and have been attributed tod→d

FIG. 7. Mean-field critical temperature for the AF1 ~s! and AF3

~L! magnetic states as a function ofF0 .
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transitions on the basis of first-principles multireference cl
ter calculations.62–64 It is well known that such excitations
are strongly localized, with the characteristics of Fren
excitons.65 In previous studies of NiO,d→d excited states
were found to be stable both in the bulk and the redu
symmetries of the inner and outer layers of$100% slabs, with
differences in transition energy of,0.05 eV for identical Oh
crystal-field excitations in the two geometries.66 In the
present work, stable excited states could not be obtaine
the bulk, for reasons that remain unclear, so that all the
culations reported here refer to the central plane of$100%
slabs consisting of three and five layers. As before,66 the
slabs were constructed from~surface! 232 supercells in
which thed→d excitation is confined to one vanadium ato
per supercell of the central plane where the~local! crystal
field is identical to the bulk and of Oh symmetry. The refer-
ence system we used has thez2 orbital perpendicular to the
basal$100% slab planes, with the (x22y2) orbital pointing
toward the neighboring oxygen atoms. It is important to e
phasize that the energies of the excited states were obta
by variational minimization of the total~excited-state! en-
ergy. That is to say, the total energy of the excited sta
which is a local minimumin the energy hyperspace of th
system, is found directly by an identical, variational proc
dure to that for the ground state. This leads to excitat
energies which are simpledirect differences between groun
and excited-state total energies.

Now the expressions for the crystal-field state energ
given in Sec. II C, strictly speaking, hold for an isolateddn

ion, so that they are appropriate for a free ion or an isola
impurity in a nonmagnetic lattice. However, for ordere
magnetic systems, the interaction with neighboring sp
must be included. In the case of VO, the magnetic state
which are dominated by the direct coupling of nn spins (Jd),
the energies of the crystal-field states in the FM alignm
can be written as

Eg5ECF
0 13A215B212Jd ,

Exy→z25ECF
0 13A23B1DCF28Jd ,

Exy→x22y25ECF
0 13A215B1DCF28Jd ,

Exz,yz→z2,x22y25ECF
0 13A212B12DCF2Jd ,

Exy(↑)→xy(↓)5ECF
0 13A29B12C24Jd ,

leading to the following excitation energies:

DExy→z2512B1DCF14Jd ,

DExy→x22y25DCF14Jd ,

DExz,yz→z2,x22y253B12DCF18Jd ,

DExy(↑)→xy(↓)56B12C18Jd .

Likewise, in the AF1 alignment, the crystal-field energies ca
be written as

Eg5ECF
0 13A215B14Jd ,

Exy→z25ECF
0 13A23B1DCF18Jd ,
9-11
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TABLE V. Excitation energiesDE ~eV! and excited orbital charge (a1b) and spin (a2b) occupation for the three spin-allowed
Laporte-forbidden transitions as a function ofF0 .

F0 State

xy→z2 xy→x22y2 xz, yz→z2, x22y2

DE a1b a2b DE a1b a2b DE a1b a2b

UHF FM 2.519 0.925 0.94 1.175 0.916 0.943 2.689 0.936, 0.936 0.934, 0.9
1.0 FM 2.638 0.921 0.939 1.300 0.911 0.939 2.932 0.931, 0.929 0.930, 0.9

AF1 2.649 0.914 0.930 1.308 0.930 0.937 3.182 0.923, 0.924 0.923, 0.9
0.9 FM 2.602 0.916 0.934 1.294 0.907 0.936 2.920 0.927, 0.925 0.925, 0.9
0.8 FM 2.563 0.910 0.929 1.285 0.901 0.932 2.905 0.923, 0.921 0.921, 0.9
0.7 FM 2.522 0.902 0.924 1.278 0.896 0.929 2.888 0.916, 0.917 0.917, 0.9
0.6 FM 2.471 0.893 0.915 1.267 0.888 0.924 2.863 0.911, 0.911 0.910, 0.9
0.5 FM 2.416 0.877 0.900 1.251 0.878 0.918 2.837 0.902, 0.904 0.902, 0.9
0.4 FM 2.338 0.847 0.868 1.233 0.867 0.908 2.798 0.890, 0.895 0.887, 0.9
0.3 FM 2.194 0.761 0.770 1.200 0.849 0.896 2.734 0.867, 0.881 0.864, 0.8

AF1 2.279 0.828 0.851 1.210 0.883 0.897 3.164 0.865, 0.872 0.868, 0.8
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Exy→x22y25ECF
0 13A215B1DCF18Jd ,

Exz,yz→z2,x22y25ECF
0 13A212B12DCF24Jd ,

Exy(↑)→xy(↓)5ECF
0 13A29B12C112Jd ,

and the excitation energies as

DExy→z2512B1DCF14Jd ,

DExy→x22y25DCF14Jd ,

DExz,yz→z2,x22y253B12DCF28Jd ,

DExy(↑)→xy(↓)56B12C18Jd .

From this, it is clear that within our approximation o
including onlyJd interactions, the energies of the three on
electron excitations are identical in the FM and AF1 align-
ments, whereas there is a difference of 16Jd for the two-
electron excitation. For this reason, the majority
calculations were performed in the computationally mo
convenient FM arrangement, although, as a check we h
calculated excitation energies in both spin alignments
100% and 30% exact exchange. However, the optimized1
lattice constants were used throughout.

The energies of the spin-allowed (DS50) one-electron
xy→z2 and xy→x22y2, and two-electronxz,yz→z2,x2

2y2 trilayer excitations as a function ofF0 are given in
Table V and those for the spin-forbiddenxy(↑)→xy(↓) ex-
citation in Table VI. In both cases the (a1b) and (a2b)
orbital occupancies of the excited state indicate that th
excitations are highly local for the entire range of potentia
No stable excitations were found forF0,0.3, so that the
B3LYP potential (F050.2) appears to be unable to suppo
these elementary excitations in VO. The introduction of c
relation into the UHF potential increases the three sp
allowed excitation energies, and decreases the spin-forbid
energy, which is entirely reasonable, for only the latter
volves spin pairing. Tables V and VI also support our inc
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sion of only the nnJd interactions in the crystal-field ener
gies. Thus for the one-electron excitations, the differen
between the FM and AF1 energies vary from 0.008 to 0.08
eV, whereas for the two-electron excitation, which in o
approximation involves a difference of 16Jd , the differences
between the two alignments vary from 0.25 to 0.43 eV. A
further check on the consistency of our calculations, the v
ues ofJd given in Table IV, which are obtained solely from
the ground electronic state, predict differences of 0.24
0.48 eV for the two-electron excitation. Thereafter, both t
energies and occupancies of all four excitations were fo
to decrease with decreasing exact exchange. As a chec
the influence of slab thickness, UHF calculations of the sp
allowed excitations were carried out for five-layer slabs,
sulting in decreases of 0.03 and 0.08 eV, respectively for
xy→z2 andxz, yz→z2, x22y2 excitations, which are per
pendicular to the slab, while the energy of the in-planexy
→x22y2 remains unchanged. Quite reasonably, perpend
lar excitations are the more sensitive to slab thickne
though the relatively small differences between the thr
and five-layer energies suggest that Tables V and VI giv

TABLE VI. Excitation energyDE ~eV! and excited orbital
charge and spin occupation for the spin- and Laporte-forbid
xy(↑)→xy(↓) transition as a function ofF0 .

F0 State DE a1b a2b

UHF FM 1.395 1.013 20.976
1.0 FM 1.151 1.010 20.964

AF1 1.133 1.015 20.971
0.9 FM 1.072 1.012 20.964
0.8 FM 1.012 1.012 20.959
0.7 FM 0.950 1.011 20.952
0.6 FM 0.881 1.011 20.943
0.5 FM 0.809 1.009 20.930
0.4 FM 0.724 1.005 20.911
0.3 FM 0.619 0.997 20.882

AF1 0.675 1.018 20.905
9-12
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TABLE VII. RacahB ~eV! andC ~eV! parameters,d-manifold averaged interband exchange constant,J ~eV! and ratioG5C/B for the
V ion both free and within the lattice, as a function ofF0 . Also shown are the crystal-field splitting parameterDCF ~eV! and the two-particle
(xz,yz)→(z2,x22y2) excitation energyDE2P ~eV! and deviation from the directly calculated value~Table V! predicted on the basis of th
single-particleB andDCF parameters.

F0 State

Lattice ~trilayer! Free V21 ion

B C DCF J DE2P G B C J G

UHF FM 0.1119 0.4059 1.220 0.6858 2.687 (20.09%) 3.6264 0.1143 0.4536 0.7394 3.968
1.0 FM 0.1115 0.3003 1.359 0.5790 2.934 (10.07%) 2.6939 0.1152 0.3534 0.6414 3.067

AF1 0.1118 0.3895 1.367 0.6689 3.188 (10.19%) 3.4853
0.9 FM 0.1090 0.2721 1.357 0.5447 2.915 (20.19%) 2.4965 0.1132 0.3369 0.6199 2.976
0.8 FM 0.1064 0.2564 1.355 0.5225 2.890 (20.52%) 2.4092 0.1113 0.3226 0.6009 2.898
0.7 FM 0.1036 0.2415 1.356 0.5006 2.867 (20.70%) 2.3310 0.1093 0.3131 0.5864 2.864
0.6 FM 0.1004 0.2250 1.352 0.4759 2.835 (21.00%) 2.2414 0.1073 0.3100 0.5783 2.889
0.5 FM 0.0971 0.2078 1.345 0.4505 2.793 (21.54%) 2.1401 0.1053 0.3132 0.5765 2.974
0.4 FM 0.0921 0.1913 1.338 0.4216 2.742 (22.03%) 2.0765 0.1033 0.3179 0.5762 3.077
0.3 FM 0.0828 0.1819 1.321 0.3889 2.648 (23.13%) 2.1965 0.1013 0.3248 0.5781 3.206

AF1 0.0891 0.1911 1.331 0.4139 3.170 (10.19%) 2.1443
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qualitatively correct indication of the weak absorptions
stoichiometric VO, especially in view of the relative inse
sitivity of the energies to the proportion of exact exchang

In the case of NiO~Refs. 67 and 68!, La2CuO4 ~Refs. 69
and 70!, and Sr2CuO2Cl2 ~Ref. 71! and other first-row
transition-metal chalcoginides whered→d excitations have
been observed, an important consideration is their juxtap
tion to the strong anion to cation charge-transfer absorp
edge. For MH systems there is the added interest of com
ing the energies of on-site and edge to edge~band! excita-
tions of the same orbital types, from which energies of Fr
kel localization can be estimated. While such comparis
can be made for the full range of exchange-correlation
tentials, the evidence presented in Ref. 48 suggests that
parisons for the B3LYP potential might be the most me
ingful. In the absence of direct values, extrapolating
energies given in Tables V and VI yields approxima
B3LYP values of;0.5, ;2.1, and;1.2 eV for the crystal-
field xy(↑)→xy(↓), xy(↑)→z2(↑), and xy(↑)→x2

2y2(↑) excitations, respectively. These compare with ed
to edge~band! values in the AF1 alignment of;2.5, ;3.2,
and;3.1 eV respectively, leading to Frenkel localization e
ergies of;2.0, ;1.1, and;1.9 eV. Furthermore, all four
crystal-field excitations are predicted to lie below t
~strong! V→O charge-transfer absorption.

Values for B, C, DCF, d-averagedJ, and the Tanabe
SuganoG parameter (C/B)72 derived from the trilayer exci-
tations and free V21 ion are presented in Table VII. As th
proportion of exact exchange is decreased the lattice va
of B, C, andJ decrease, which once again reflects the
creasing covalency of the bonding in VO as the limiting DF
description is approached. Since the crystal-field splitt
varies inversely with the lattice parameter, it too decrea
with decreasing exact exchange. For the free ion, bothB and
J decrease withF0 , although there appears to be a ve
minor upturn inJ as the stability limit for the crystal-field
excitations is reached. Our free ionB, C, and G compare
11511
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with values of 0.0936, 0.4038, and 4.314 eV, respective
reported by Tanabe and Sugano.72 A comparison of the lat-
tice and free-ion parameters shows that the RacahC param-
eter is strongly reduced by the crystalline environment,
tably as the proportion of exact exchange decreases, lea
to reduced Hund exchange coupling. Such a pattern is ind
noted in the later transition metal oxides, in which pure DF
GGA ~generalized gradient approximation! calculations pre-
dict the onset of low spin states at modest hydrosta
pressures.73 However,~XES! measurements in FeO~Ref. 74!
indicate that if such spin transitions do occur, they will be
significantly greater pressures than those derived from
GGA calculations. Data collected and presented by Tan
and Sugano72 suggest that the value ofG for free ions, sub-
stitutional impurities, and cations in the binary oxides
roughly constant and in the range 4.2–4.5 across the fi
row transition metals. Here, only the UHF values approa
this range, and while the free-ion values for lowF0 might be
acceptably close, in the crystalline environment,G is reduced
to pathologically low levels as the proportion of exact e
change is reduced.

Also included in Table VII is a comparison o
DExy,yz→z2,x22y2 derived from the~mapped! crystal-field pa-
rameters and those obtained directly from first-principles c
culations. The close agreement between the two supports
validity of mapping first-principles energies onto the Ka
amori crystal-field Hamiltonian, notably at the UHF level
approximation. In the limit of exact exchange the percenta
difference between the direct and indirect~mapped! excita-
tion energies is 0.1% and even at the stability limit of t
excited states,F050.3, the difference is only 3%.

IV. CONCLUSIONS

The principal conclusion of this first-principles study
stoichiometric,nondefectiveVO is that the ground electronic
state in the rocksalt (Fm3̄m) structure is that of ad3 high
9-13
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spin, antiferromagnetic, Mott-Hubbard insulator with an A1
spin alignment of the local cation moments. Furthermo
this description remains essentially unchanged for sin
particle Hamiltonians ranging from pure UHF, i.e., exact e
change, to exchange-correlation potentials containing do
to 10% exact exchange. It is only for the pure DFT poten
that the AF1 phase is predicted to be metallic. Further imp
tant conclusions are the following.

~i! For the full range of insulating potentials there
strong spin-lattice interaction with differences in lattice co
stant of up to 1.6% between AF1 and FM order.

~ii ! The AF1 lattice constant is predicted to lie in the ran
~4.35–4.38! Å, with a value of 4.37 Å suggested by dire
comparison with a similar range of calculations for the A2
alignment of MnO. These values are roughly 7% greater t
the reported lattice constants for the stoichiometric,defective
material.8,9

~iii ! From a mapping of the total energies of the AF1 ,
AF2 , and FM alignments onto an Ising spin Hamiltonia
containing both direct and superexchange interactions
dominant magnetic interaction is revealed to be the dir
coupling of antiferromagnetically aligned nearest-neigh
cation spins, which leads to the stability of the AF1 phase.
While the entire range of insulating potentials favors the A1
alignment, there is a fourfold increase in the direct coupl
constant from211.08 to244.31 meV as the proportion o
exact exchange is reduced from the correlated UHF li
down to 10%. This in turn leads to an estimated critic
disorder temperature in the range 300–450 K.

~iv! The limitations of such a mapping are exposed b
consideration of the AF3 structure which fitted coupling con
stants derived from FM, AF1 , and AF2 total energies predic
to be more stable than AF1 , in contrast to direct total-energ
calculations.

~v! From orbital projected densities of states the filled
unfilled gaps are found to depend strongly on the propor
of exact exchange and for the widely examined B3LYP p
tential are;2.5 eV for the spin-forbiddenxy(↑)→xy(↓)
excitation,;3.0 eV for xy(↑)→z2(↑), and;3.5 eV for V
→O charge transfer. The latter might reasonably be ide
fied with a ~strong! absorption edge.

~vi! Variationally stable, highly local crystal-field excite
states ranging in energy from;0.6 to;2.7 eV are predicted

*Author to whom correspondence should be addressed. Emai
dress: wcm@st-and.ac.uk
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for exchange-correlation potentials down to 30% exact
change. All excitations lie below the absorption edge, a
from comparisons with the corresponding band excitatio
estimates of;1 –;2 eV are obtained for the Frenkel loca
ization energy of the crystal-field states.

~vii ! A mapping of the excited crystal-field energies onto
Kanamori Hamiltonian leads to values for the~solid-state!
RacahB andC parameters, andd-orbital averaged exchang
and crystal-field energies. A comparison of fitted and direc
calculated energies for the spin-allowed two-electron exc
tion xz/yz→z2/x22y2 confirms the validity of such map
ping.

Finally, there is the problematic issue as to whether th
is an ‘‘optimum’’ or even ‘‘preferred,’’ hybridization for VO,
as discussed for NiO.32,43 Clearly the lack of quantitative
data for the fully stoichiometric, nondefective materi
leaves this unresolved at present. However, even for syst
such as NiO and MnO, where the data are more plentiful,
values ofF0 that lead to best fit to experiment appear to
both property and system dependent. For NiO, values ofF0
in the region of 0.2–0.4 lead to an energy gap close to
~strong! absorption edge32,48 and Ising model magnetic cou
pling constants that are close to the magnon-deri
values,43 although larger values in excess of;0.5 are re-
quired for the lattice structure,d→d excitation energies and
insulating behavior of LixNi12xO (0,x<0.5).61,75 Further-
more, in the case of MnO, it has recently been shown th
value ofF0 in the region of 0.2–0.3 leads to a direct~mag-
netic! exchange constant in agreement with that derived fr
the magnon data, but that a value ofF0 in the region of
0.5–0.6 is required for the superexchange constant.75 From
these and other studies,75 it is apparent that for the currentl
reported range of exchange-correlation functionals, hyb
ization in the midregion, 0.3–0.6, leads to the widest agr
ment with experiment, so that out final conclusion is that
‘optimum’ choice for stoichiometric, nondefective VO i
within this region.
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