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Hybrid density functional theory study of vanadium monoxide
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First-principles calculations of nondefective VO in tRen3m structure based on a range of single-particle
Hamiltonians containing varying amounts of exact exchange indicate that the ground electronic state is that of
ad? high spin, antiferromagnetid\F), Mott-Hubbard insulator with an AFspin alignment of the local cation
moments. This description remains essentially unchanged down to 10% exact exchange, and only for the pure
density functional theoryDFT) potential is the AF phase found to be metallic. Strong spin-lattice interaction
is predicted with differences in lattice constant of up to 1.6% betweenahB FM(ferromagnetit order. The
AF, lattice constant is predicted to be4.37 A, 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 ;Aphase. Direct coupling energies are found in the range
—11.1 to—44.3 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 AFand AF; alignments. Orbital projected densities of states reveal filled to
unfilled gaps which depend strongly on the proportion of exact exchange and for the B3LYP pdg&ttal
exact exchangeare ~2.5 eV for the spin-forbiddeny(])—xy(]) excitation,~3.0 eV forxy(1)—2z3(1),
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 estimated @b ~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 ahdrthital averaged exchange
and crystal-field energies. A comparison of mapped and directly calculated energies of the two-electron exci-
tation (xz,yz)—(z2,x?>—y?) confirms the validity of Kanamori mapping, notably in the limit of exact ex-
change.
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I INTRODUCTION that VQ, is structurally homogeneous in tifen3m rocksalt

N _ ~lattice over a wide composition range, 8.8<1.3%7 X-ray
Amongst the transition-metal oxides, those of the higherystallography of phases with differing compositions dis-
valence states of vanadium find diverse application as oxidaosed the presence of varying concentrations of vacancies
tion catalysts, lithium insertion electrode$,environmental  on both cation and anion sublattices. Only %ot 1.0 are the
sensor and optical devices, and may even be formed intaconcentrations of both metal and oxygen vacancies equal,
nanot.ube§. Progress Wlll_ inevitably be glded by an under- gmounting to~15% of the available sitésThe lattice con-
systems, and while the complexity and subtlety of the fun-<4 03 A atx=0.8 to 4.13 A ax=1.3 at room temperature,
damental properties of these systems continue to pose seveffh values of 4.074Ref. 9 and 4.063 A(Ref. § reported
and particular difficulties for theory, a sound description offsy the nominally stoichiometric phase, VO.
the structurally simpler lower oxide, vanadium monoxide, A metal to semiconducting phase transition has been re-
VO, will contribute usefully to an understanding of the full horted at a critical temperatufie, = 125 K (Refs. 10 and 11
V-0 phase diagram. To date, however, such a basic descrigjthough later autho?s? suggested that this transition in the
tion has proved to be elusive, although the reasons for thigajier samples was due to the presence )/ A study of
are .clear.. Tight. (;ontrol of _the stqichiometvy, is difficult o the magnetic properties of the system found antiferromag-
achieve in addition to which VQis undoubtedly close to & petjc behavior forx=1.25 and 1.147 with critical tempera-
Mott-Hubbard transition, while possessing a complex defectyres of 7.0 and 4.6 K, respectively. Compositions with
structure, over a wide composition range. higher metal content display paramagnetic susceptibility, but
The structural and electrical characterization of M@s  no transitions associated with ordering of the atomic mo-
an interesting history. Early work suggested that at low temments have been observetf
perature VQ breaks down into a mixture of a body-centered In terms of electrical characterization, there is a large
tetragonal phase of compositions®@ and a MO, phase body of work which shows that VQdisplays metallic char-
which is either body-centered cubic or body-centered tetragacteristics forx<<1 and semiconductivity fok>1. Activa-
onal, with ac/a ratio close to unity. Later work established tion energies for electronic conduction have been obtained
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which increase withx from 2x10 3 eV atx=1.0 to ~50 CaO—,
x 1072 eV atx=1.321?"?1and variations in resistivity from

X104 [ .2<x<0. -
7X10 “to 1Q cm in the range-0.2<x<0.2 at room tem VO dtBZ(T)'

perature. Such behavior differs from that found in the struc-

turally related compound TiQ which remains metallic

throughout the stoichiometry range 0<7%<1.3, and under- MnO df‘ (T)dg (1,
goes a superconducting transition at low temperature. No 29 g
superconductivity has been found in Y@own to a tempera-

ture of 0.3 K. Measurements of the Seebeck coefficieint NiO dfzg(T)dfzg(l)dgg(T),
VO, show a change in sign &t 1, indicating conduction by

holes for higher metal content and by electrons for higher

3 3 2 2
oxygen content. The coexistence of charge carriers of oppo- Zn0 dtzg(T)dtzg(l)deg(T)deQ(U-

site electrical polarity in VQhas been confirmed by magne-

toresistance studiés:?2 Now CaO, MnO, NiO, andpresumably ZnO with 0, 2, 3,

Historically, band theoretical methods of varying sophis-and 4 completely filled spin bands, respectively, are all insu-
tication have been applied to the idean3m VO lattice.  lating, from which it might reasonably be concluded that VO
Early non-self-consistent calculations based on a linear contvith one completely filled spin bandfzg(T), would also be
bination of atomic orbitalfLCAO) tight-binding method, insulating. Furthermore, it might be anticipated that VO
Slater’s p*® exchange potentidf and a series ofid hoc  would display Mott-HubbardMH) characteristics within the
crystal potentials yielded a metallic ground state, with theZaanen, Sawatzky, and Allen classificatidnit is known,
Fermi energy lying in the V(8) band. A very broadi band both from studies of the elemental transition metals and the
of width ~7 eV was also predicted on the basis of the ney9Oxides that thel band gradually falls in energy relative to the
tral atom potentiaf* These calculations were performed at O(2p) band and contracts spatially as it is filled, for the
the experimental lattice constant of the defective lattice, anddded glectron cannot fully screen the increase in nuclear
made no allowance for spin polarization. Non-self-consistenf1ar9€>’ Therefore, charge-transfer behavior at the right of
augmented plane-wavéAPW) calculation$® again at the the transition series should give way to MH behavior at the

defective lattice constant, with Slater exchange addhoc left. Finally, it might also be expected that VO would exhibit

. - . : ntiferromagnetic spin alignment by comparison with the
crystal potentials led to similar conclusions. A self-consisten - .
wo magnetic members of the subgroup, MnO and NiO.

APW study of the lighter transition-metal monoxides base The failure of the local-density approximatiéhDA) and

on X,, exchange predicted VO to bedaband metal, with a to a limited extent the gradient corrected density functionals

gaﬂdw'dth tOf?7'f’ ev, at :‘he observed_ Iattt_lce CO?Stiz’ﬁ:.t' to correctly describe the insulating ground state of the ma-
el-consistent -atomic -sphere approximation calculaliong, iy, of the late transition metal oxides is now widely

employing the local spin-exchange-correlation functional o acknowledged™ % For example, the LDA predicts NiO to

;{on-BartT a%? HgdﬁY were .Cof‘d dgctc?[d alsl a fgncu?nl Of.tlr‘;’lt' be ad-band metal, rather than the experimentally observed
Ice constant, and once again Indicate and metaiwi charge-transfer insulator. A small band gap is found in MnO

an approximate bandwldth of 8 eV. More recently, a f'rSt'onIy by virtue of the imposition of antiferromagnetic order,
principles spm.-unrestnct.ed ngtree-FoQHHF) calculation . while it is known experimentally that the insulating state
ba§ed on localized a'Fom|c orbitals prephcted Vo t(.) be a hig ersists well above the Tektemperature. The introduction

spin antiferromagnetic Mott-Hubbard insulator, with an OP-into the LDA of a potential, which depends on orbital occu-

timized lattice constant of 4.460 &, . __pation either through self-interaction correci6ff or from

_Cl_early there are fundamenta_l differences between f'rStfhe imposition of an arbitrary) (LDA +U) (Refs. 39—41
principles DFT and UHF calculations as to the nature of thesaq o 1o correct the grosser deficiencies of the purely local
ground state of the fully stoichiometric, nondefect@3m  fynctionals, opening gaps at the Fermi level and increasing
VO lattice, with, perhaps, even more profound differencesatomic moments. However, against these apparent limita-
for the technologically important higher oxides. This is antions of DFT, at least within the local-density approximation,
unsatisfactory situation in view of the success of both DFTj relatively recent study of TiChas demonstrated the power
and UHF methodologies in describing the ground states of gnq ytility of this approach in describing the lattice structure
wide range of first-row transition-metal oxides. Here we re-qf the nonstoichiometric phases of thd 8xides? It is ap-
port fresh studies of the ground state of VO, which we havg,arent that, despite an inaccurate ground state, the LDA pro-
extended to thel—d excited states, to shed light on some of yides an acceptable account of the relative energetics of the
these differences. structural phases.

Initial insight into the ground state of fully stoichiometric, Accordingly, to resolve some of these issues and to pre-
nondefective VO might be sought from a consideration ofgict the magnetic characteristics of and elementary excita-
the d-band occupancies of the subgroup, CaO, VO, MnOyjons in stoichiometric, nondefective VO prior to potential
NiO, and ZnO, of theem3m oxides. Assuming comparable high-pressure studies, we have carried out a hybrid density-
ionicities and crystal-field characteristics, the spin band ocfunctional study of this system along the lines reported re-
cupancies can be written as cently for MgO?> NiO,*2**and Co0*?
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Il. THEORETICAL METHODS B. Ising spin Hamiltonian

A. Hybrid DFT Hamiltonians To exploit further the calculations for the individual mag-

As discussed above, all previous DFT calculations forne'{IC states, we have extracted diredf, and superex-

: . . . changeJs., coupling constants by mapping the total ener-
ideal VO have employed purely local functionals, in which cf ) ; X
the spurious self-interaction might be expected to cause u JIeS .Of th_e FM, Alr, and AR alignments onto an Ising spin
physical effects. In contrast, in the UHF method, the Cou- amiltonian of the form
lomb self-interaction is exactly canceled by self-exchange 3, 3__nnn
terms in the exchange series, so that the potential is truly Hlsmng%mg_ ?Z oo+ %"E o,
dependent upon orbital occupancy. In an attempt to embody i i
the advantages of both DFT and UHF methods in a unified
single-particle approach, so-called hybrid methods have beenhere the summations run over nearest neighlons and
developed, of which the B3LYP method is perhaps the moshext-nearest neighbofann), and the spin variable, takes
successful. This was originally developed to improve the thevalues of+ 1. In this form, the magnitudes of the local spin-
oretical thermochemistry of small moleculésand subse- density differences(S,), are subsumed intdy and Jg,
quently shown to yield molecular geometfieghat are sig- which, more correctly, represent coupling energies. The cor-
nificant improvements over those obtained from currentlyresponding mapping equations are of the form
available gradient corrected functionals. The difficulties in- 3 ]
volved in calculating the exact Fock exchange for periodic _r0 _vd _ Yse
systems have now been overcome, and the B3LYP method E(M)=Eising 2 [Nar(TT) = Nar(T 1)1+ 2 [Nond TT)
has recently been applied to a number of solids, including the
transition metal-oxide®24348 ~Nond(T 1)1,

The essence of the B3LYP method is that the exchanggyhereN,,, and Ny, are the numbers of nn and nnn parallel
c)c()crrelat!on _contrlbutlon to the Kohn-Sham Hamiltonian, (11) and antiparallel spin§/|) in theM alignment. The cou-
fBaLvp. is given by pling constants are then given by

=1 _
sarvp= s+ 0.81f[yp+ 0.1K Ly » Ja=sLE(AF) —E(FM)],

: . Jse=Jg— s[E(AF,) —E(FM)]
wheref{,p and f{,,\ are the correlation functionals of Lee, _ _ _
Yang, and Paff and Vosko, Wilk, and Nusaf respectively. I which the energies of the magnetic states are per formula
The exchange functiondiy; is a weighted sum of exact unit.
UHF (f})4p) and gradient-corrected local spin-density ap-

proximation(LSDA) (f{spa+0.9A%g9) (Ref. 44 contribu- C. Kanamori crystal-field Hamiltonian
tions As in the case of magnetic state energies, which are con-
veniently mapped onto an Ising spin Hamiltoniard ex-
Ka=(1—Fo)(fispat 0.9AF5o0) + Fof e citations can be mapped onto a crystal-field Hamiltonian, of

which that proposed by Kanamori is particularly suitalile.

andF, an arbitrary weighting parametdt, values of 1 and For an isolated metal site, this takes the form

0 correspond to exact exchan@dHF) and pure DFT de- 1

scriptions, respectively, while a value of 0.2 corresponds ex- y _po | = Tt LA
actIS to Beckg’s orig)i/nal three-parameter exchar?ge func- Her=Hert 22;: 2,7: C(1.2185,0,850,87,0;37,01
tional (B3).* It is this hybrid methodology that we have . - R o, .
followed in the present study. Although the presence of only? WhiCh Y= 7172717, ando= 01050105 The integrals of
20% of the exact exchange is not sufficient to cancel théhe two-electron interactions are

Coulomb self-interaction, the method has been shown to o2

yield values for the_ gaps between the_fllled @j2and empty _ C(1,2=(y101,7202|———|v101,750%),
metal 3 states which are apparently in close agreement with ri=rs

experimental band gaps of varying provenafft@ptimized  \yhere y and y' label the orbitals of thel manifold, ande
structural parameters are typically found to lie within a broad;q ' the electron spin. The single-particle creation and

range of=2% of the experimental values. annihilation operators follow the usual notation. Three dis-
The approach we followed was to vaFy, in the range tinct types ofd-d interaction can be identified.

0=<Fy=1, yielding a series of hybrid Hamiltonians, includ-

ing the B3LYP E,=0.2). The specific values df, used (i)  Intraband Coulomb termsJ=(yo,yo'llys,ys")

were 0.0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0, thus allowing us to with o#o’.

examine the effect of varying amounts of exact exchange ofii)  Interband Coulomb term’=(yo,y'o'llyo,y'o")

the electronic and magnetic properties of VO. In addition, with y#y'.
and for comparison, UHF calculations without correlation(iii) Interband exchange term¥=(yo,y'c’'lly'a,yo")
were also carried out. with y#v'.
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TABLE |. Interband Coulomb and exchange integrdls, and  study the crystal orbitals were expanded in a set of 39 atomic
J, as a function ofd orbitals, y andy’, expressed in terms of the orbitals, 25 for V and 14 for O. In the notation used

RacahA, B, andC parameters. previously?®! the V orbitals comprised seven shells of the
, , type 1s(8), 2sp(6), 3sp(4), 4sp(l), 5sp(1), 3d(4),
Y Y U J 4d(1) and the O orbitals four shells of the types(8),
XY, Y7, X2 XY Yz, X2 A-2B+C 3B+C 2_sp(6), 3sp(4), 4sp(1), where the numb_ers 1,2,3,... iden-
x2—y2, 72 x2—y2, 22 A—4B+C 4B+C tify the different shells and the numbers in brackets are the
Xy' Xz_)’lz A+LABLC c numbers of primitive Gaussian-type functions in the contrac-
2 _ tion for the atomic orbital. Open shell systems were treated
Xy A—-4B+C 4B+C . .
22 by the UHF procedure. The inclusion of a secahdghell,
yz xz Y A-2B+C 3B+C 4d(1), in theprevious V basis sét and subsequent reopti-
yZ, X2 2 A+2B+C B+C ’ P : d P

mization of all cation and anion valence exponents, de-
creased the Mulliken charge by Oeldnd led to energy dif-
These can be written in terms of the RacAhB, and C ferences between magnetic states that differgd from previous
parameters of atomic spectroscdPywith U=A+4B values® by <10 meV per atom. However, since this com-
+3C. U’ andJ on the other hand are orbital dependent, ad?a'€S .Wlth typical magnetlc interactions within the first-row
shown in Table I, but may be conveniently averaged over th&fansition-metal oxides, the V() shell and necessary va-

d manifold for the purposes of simplification, leading to the quce reoptimizations were retained in all subsequent caI(_:u-
orbital () and spin() independent expressions Iatlon_s. The number and angular symmetry of the Gaussian
functions used here are broadly similar to those employed

U'=A-B+C, J=32B+C. recently by Moreira, lllas, and Martin in their hybrid DFT
study of NiO*®

The implementation of DFT in therysTAL98 code re-
quires the specification of an auxiliary basis of Gaussian-
type functions for the fitting of the exchange-correlation po-

Mapping the ground and spin-allowet—d excited states
onto Hg, respecting the orbital dependence of the interac
tions presented in Table 1, gives

E —EQ 1+ 3A—15B, tential. qu this purpose, the following even-tempered bases
ground™ =CF of Gaussian-type functions were employed:st/pe func-
E —E% 1 3A—3B+A tions with exponents in the range 0.07—-4000.0, prigpe,
xy—z2 " =CF cF. oned-type, and ond-type function, each with exponent 0.5
E s 2=E% +3A—15B+A were used for O, and 18type functions with exponents in
X=Xy mCE cF the range 0.1-4000.0, opetype function with exponents in
E v, 22 y2=E% +3A—12B+2A ¢ the range 0.3-0.9, onktype function with exponent 0.8,
xzyz-22xt-y2 T =CF cF and thregg-type functions with exponents in the range 0.45—
The Laporte and spin-forbiddery(7)—xy(]) excitation 3.3 for V.
can also be mapped ontdcg yielding A Monkhorst-Pack shrinking factor of 8, which was used
0 for cells of all sizes, and truncation thresholds of 10
Exy(n)—xy())=Ecrt3A—9B+2C, 1077, 107, 107, and 10 **for the Coulomb and exchange

where Ace is the e;—ty4 crystal-field splitting. Thus, the series” ensurgd convergence of the tot_al UHF ene_rgies of
excitation energies derived from transitions between th(%.hree magnetic states te0.1 meV, while_self-consistent

above states can be equated directly to first-principles totafi€!d convergence thresholds were set to 1@.u. for both

energy differences. Clearhhr is obtained directly from eigenvalues and total energies. These tolerances are similar

AE,, .x2_y2 while B can be derived from either of the two to those gsed for a wide range O.f previous calculat_?@r‘i%. .
other Laporte forbidden, but spin-allowed transitions. In this,  FOUr different types of magnetic order were considered in
way, the validity of mapping first-principles calculations onto this study, the FM and.three. AF. The latier comprise t_he
the Kanamori crystal-field Hamiltonian can also be verifiedYPe:! (AF) structure, in which the double nonmagnetic

- : o : imitive cell consists of ferromagnet{@¢ 00 planes of alter-
by comparing the first-principles total-energy difference forP™M! ) .
the spin-allowed two-electron excitationxzyz)— (z2,x2 nating spin along thg100] axis, the type-Il (AF) structure,

—y?), with that derived fromA o andB obtained from the in which the double primitive cell consists of ferromagnetic
two épin—allowed one-electron excitations. Cleay, can (111 planes of alternating spin _in the11] direction, anpl t.h_e
also be derived from\E,,, 2.2, and this is used to type-Ill (AF3) structure, in which the quadruple primitive

predict the energy for th;;y—>z2 excitation. TheC param- f:e” consists of _ferrqmagnet(le) pl.an(_as of alternating spin
eter may be obtained only from the spin-forbidden excitatior] " the normal direction. The Miller indices and crystal direc-
AE _ ions noted above are for the cor_wentlonal crystallographic
Xy(1)=xy(1) cell. The total energy and properties of the FM state can, of
course, be calculated from the primitive cell, but in the
present work was always extracted from the double cell. This
First-principles, spin polarized, periodic Hartree-Fock andensures that the restriction to FM order implicit in the primi-
density-functional theory based on localized atomic orbitaldive cell does not affect the energy of the state. As a test of
have been embodied within therysTaLs code®® In this  the various numerical parameters used in this study, the en-

D. Computational conditions
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TABLE II. Lattice constani, (A), total Mulliken charges|y(e), cation spin moments(ug), and energyAE,, (meV/moleculg of the
FM and AF, alignments relative to Afas a function of.

Qo am Ns AEy

Fo AF, AF, FM AF; AR FM AF; AR FM AF,? FMP

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, 86.9
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, 115.9
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, 135.3
0.6 4.3692 4.3737 4.4049 1.562 1.560 1.566 2.945 2.965 2.984 21.4, 205 169.2, 161.3
0.4 4.3761 4.3815 4.4168 1.504 1.503 1.510 2.919 2.943 2.981 26.1, 24.9 213.4,201.4
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, 269.3
0.1 4.3803 4.3898 4.4597 1.390 1.387 1.400 2.794 2.831 2.938 35.8,32.4 354.4, 324.2
0.0 4.360% 1.320 2.446

First entry=[ E(AF,) —E(AF,) atay(AF;)]. Second entry:[ E(AF,) atag(AF,)]—[E(AF;) atag(AF,)].
®FM, as for AR, above.

‘Conducting state.

ergy of the FM state was calculated by the UHF method folated UHF value. In the limit of zero exact exchange, the
the primitive, double, and quadruple cells with the brokenAF; lattice constant is seen to decrease sharply, the most
metal sublattice symmetries appropriate to the description dfkely cause of which is the onset of metallic behavior. A
the various AF states. In each case, the total energy per fopossible explanation of this abrupt change is discussed later
mula unit was found to be identical to within the tolerance ofin this section in terms of the calculated density of states.
the SCF convergence. The equilibrium bulk modulu¥, was obtained for each
Mulliken population analyses of the crystalline orbitals Hamiltonian by a least-squares fitting of the AEnergy-
were used to extract the net atomic charges, magnetic maolume data to the Murnaghan equation of statBor this
ments, and individual orbital occupations as in previous studpurpose, a restricted set of lattice constants withid% of
ies. the appropriatea, were used. The variation ok, with
exchange-correlation functional is shown in Fig. 2, where it
IIl. RESULTS AND DISCUSSION is seen to range from-175 GPa forF;=0.1 to ~200 GPa
for correlated UHF. The pure UHF value 18170 GPa and
pure DFT(metallic 162 GPa. While there are no experimen-
For the entire range of hybrid Hamiltonians, the groundtal data,K, reported here might usefully be compared with
electronic states of the FM, AF and AR, spin alignments values ranging from 120 GPa for C&Oto 190 GPa for
were found to be insulating, with the exception of the FM NiO.>* It should be noted that the Murnaghan and polyno-
alignment atF,=0.1 and the pure DFT AFalignment, mial fits of the energy-volume data yield essentially identical
which were found to be conducting. Lattice constaritg) (  optimized lattice parameters.
were obtained from fourth-order polynomials fitted to total-

A. Bulk lattice and electronic structure

energy-volume curves calculated withinl0% of the previ- 448 . . : . . :
ous UHF value for the FM stat@.460 A). The resultinga, A
for the full range of exchange-correlation potentials are given 446 L UHF |

in the first three columns of Table Il and shown graphically
in Fig. 1. For the pure DFT description, convergence was ,,, | i
problematic for all three magnetic structures, even with en- B

_EM

hanced reciprocal space sampling and with Fermi smearing wi | |
of the Kohn-Sham orbital occupancies. At this limit of zero .z - B

exact exchange only the ARlignment produced an energy- = e

volume curve which was sufficiently smooth to yiedg to “or |
an acceptable accuracy. As evident in Fig. 1, the larges!
changes ira, result from the addition of correlation to exact 3 |
exchange(UHF), at which point the lattice contracts by
~2.4% of the uncorrelated value with a slight increase in the 436
differences between the three magnetic states. Thereafter, di
creasing the amount of exact exchange leads to an increase 434 3 o o o o
the AF, and AF, lattice constants to a maximum ef0.7% ) ’ ’ ’ ) ‘
above the correlated UHF values for &Ey=<0.2. In con-
trast, the FM lattice constant shows no turning point at low FIG. 1. The AR (O), AF, (0), and FM(A) optimized lattice
Fo and expands to a maximum ef1.9% above the corre- constantsa,, as a function of,.
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FIG. 4. The bulk modulu¥, of the AF, ground state of MnO

as a function ofF,. (The arrows mark the range of experimental
data®-59.

Identical calculations for the lowest-energy spin align-
ment of MnO (AR) reveal this to be insulating across the _3q Gpg helow this, as in the case of VO. These values
fgu?glié? \rleglg:sos,';(c));/vxmirr]] \Ié?gry 35'511'(':‘; dt;i?:: otfocg;(r);; compare with static and dynamic experimental bulk moduli
: : S in the range 144—162 GPa:>° Unlike VO, but in keeping

. . 0 :
tion to exact exchange contracts the lattice-b9.3%, while with the variation of lattice constant, there is no abrupt de-

decreasing the amount of exact exchange leads to an expan- . ) o
sion of the lattice to a maximum of 1.3% above the cor- Crease in bulk modulus of MnO in the DFT limit. Thus, the

related UHF value af,=0.1. However, a noticeable differ- differgnces petween the two matgrials in the purely_local
ence from VO is that there is no abrupt decrease in volume a{ynctlongl might reasongbly be attributed to .the transition to
the DFT limit. Now the experimental low-temperature lattice @ Metallic ground state in VO and the retention of an energy
constant of MnO is 4.445 A which from Fig. 3 corre- 9aP in MnO. _ _
sponds to a value OF, close to 0.7. A similar exchange- Turning now _to thg electronic structure, the _Mulllken
correlation potential for the AFalignment of VO suggests a charges and cation spin moments for VO shown in Table II
lattice constant in the region of 4.37 A. Figure 4 shows thaihdicate a largely ionic system féi,=0.6. Both the ionicity

the bulk modulus increases from the pure DFT value of 162nd local cation moment decrease as the proportion of exact
to 194 GPa for correlated UHF, with the pure UHF value€Xxchange decreases. This implies that the gross electronic
state of the crystal tends not toward singly charged ions,
which would require an increase in the cation spin moment,
but instead toward a metallic solution. An interesting obser-
452 | UHF( vation here is that the spin polarization of the oxygen sub-
lattice varies both with=y and magnetic order. Typical val-
ues for the net spin densities on the two oxygen atoms of the
magnetic unit cell are{0.007, 0.004and(0.012, 0.012for

the AF, and FM alignments, respectively, at the limit of
correlated exact exchange and @.010, 0.00Y and (0.024,
0.029 for anF value of 0.1. Spin polarization of the anion

is forbidden by symmetry in the ARalignment. Such polar-
ization of the anion in the FM state has been noted in DFT
studies of NiO(Ref. 43 but has no basis in experimental
observation. The decreased ionicity of the FM state based on
exact exchange derived from the present, enriched V basis
set compared with that reported previodsSlgan be attrib-
uted, in part, simply to the inclusion of ad4polarization
function and, in part, to the optimization of the orbital expo-
nent. To show this, an unoptimized®V bare ion 4l shell

was added to the 6-shell V basis of the previous study, lead-
ing to a decrease in the ionicity of the FM state by @,05
without any change in the valence orbital exponents.

4.54 T T T T

450 A

448

a, (&)

4.46

4.44

4.42

4.40 : . . L
0.0 0.2 0.4 0.6 0.8 1.0

F

0

FIG. 3. The optimized lattice constaat for the AR, ground
state of MnO as a function d¥,. (The arrow marks experimental
value5).
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FIG. 5. Orbital projected densities of stald6E) vs energyE; for the AR, state(a) F;=0.0, (b) F;=0.2,(c) F3=0.6,(d) F,=1.0; for
the AF, state(e) Fy=0.2, (f) F;=0.6, (g) Fog=1.0; for the FM statéh) F;=0.2, (i) F;=0.6, (j) Fy=1.0. Fermi energies are set to zero.

The energies of the AFand FM alignments relative to high spintg d-orbital occupation and cation moments re
AF; given in Table Il show that AForder is lowest in en- vealed by the Mulliken analyses. In the rocksalt transition-
ergy for the entire range of exchange-correlation functionalsnetal oxides, the strength of the superexchange interaction
considered in this study. This is in keeping with the largelydepends critically on the occupation of tag orbitals, for it

115119-7



MACKRODT, MIDDLEMISS, AND OWENS PHYSICAL REVIEW B69, 115119 (2004

1.5 T T T T T T T 1.5 T T T T T T
-——0
15— Ve
1 L g 4
e Vtzg
1)
[
05 I R 05 R
o fl Iy =
= J\JJ | :
B . Lo =
o 0 NS P
2L J‘H | L
@ ! “\ / @
Zz 05| I R Z 05 R
ﬁ.j
-1 r B
_1.5 1 1 1 1 1 1 1 _1.5 1 1 1 1 1 1 Il
-15 =10 -5 0 5 10 15 20 25 -15 -10 -5 0 5 10 15 20 25
(@ E V) i) E (eV)
1 5 T T T T T T 1.5 T T T T T T T
——— 0
o Ve
L — vt ] br
| 28
i
I
05 I R 05
o M o~
B AT 3
|> 0 \; .1.‘;“: ; o |> 0
L Vi 2
= ol =
<) i =
Z 05+t Hr 1 Z 05t
i
|
-1} \‘ i -1} i
-1.5 | L L 1 L L L -1.5 1 1 1 L 1 1 I
-15 -10 -5 0 5 10 15 20 25 -15 -10 -5 0 5 10 15 20 25
(h) E (eV) ) E(eV)

FIG. 5. (Continued)

is these that strongly overlap the @rbitals of the neighbor- Table 1ll. The filled to unfiled band gap for each of the
ing anions. The superexchange dominated Afound state magnetic states is found to vary linearly with, as shown
found in MnO and NiO would not therefore be expected inin Fig. 6, with

this material. The dependence af on magnetic order is

indicative of a strong spin-lattice interaction in VO, and to AE(FM) <AEg(AF,) <AE4(AF,),

gauge Fhe strength of this coupling, identical calculations infor the entire range of exchange-correlation potentials. They
the limit of exact exchange were carried out for MnO. Lat- range from~14 eV at the correlated UHF limit down to

tice parameters of 4.423, 4.419, and 4.425 A were obtained g o\/ at the AR stability limit of 10% exact exchange.

for the AR, AF, (ground-statg and FM symmetries, re- [y the interests of clarity théwide) UHF gaps have been
spectively, leading to a maximum variation of 0.006 A, or gmjtted from Fig. 6] An extension of the lines of best fit
0.136% between the AFand FM values. This compares down toF,=0.0 for the AR and FM states suggests that the
with a maximum variation of 0.026 A, or 0.598% between former may retain a small gap of perha33-0.5 eV,
the AF, and FM states in VO, which is approximately four whereas the latter will almost certainly be metallic. The DOS
times that in MnO. shown in Fig. 5 indicate that foall insulating phases the
Figure 5 contains the atomic-orbital projected densities ofilled to unfilled gaps are spanned by vanadium states, lead-
states(DOS) for the three magnetic states, for 20%, 60%,ing to an unambiguous classification of VO as a MH insula-
and 100% exact exchange, all at the ARttice parameter. tor. Furthermore, the character of the valence- and
Also shown is the DOS for the metallic AFstate derived conduction-band edges is seen to be independent of magnetic
from the pure DFT potential. Details of the energy gaps andrder, so that pressure or temperature induced magnetic tran-
valence bandwidths extracted from these plots are given isitions would not be expected to result in any change of the
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TABLE Il Filled to unfilled gapAE4 (eV) and filled O(2) and V(t,,) bandwidths Wy, (eV) anth2g
(eV) for the AF, alignment as a function df.

AE,
AF, AF, FM

Fo AF, AF, FM Wo , Wi, Wo, Wi, Wo , Wi,
UHF  13.955  14.039  13.153 7.7 7.114 7.898

1.0 13.805 14142  12.141 8.769 5.537, 2.275 8.736

0.8 11.045  11.500 9.543 8.254 5.278, 2.335 8.696

0.6 8.242 8.896 6.935 5.053, 3.121 4.978, 2.340 638

0.4 5.416 6.196 4.203 4.681, 3.014 4.677, 2.424 8737

0.2 2.445 3.239 1.358 4.343, 3.034 4.303,2521  4.731,3.710
0.1 0.926 1.756 0.000 4.178, 3.087 4.104,2.613  4.478,3.748
0.0 0.000 4.046, 13.718

AWhere the O(®) and V(t,5) bands overlap, the total valence bandwidth is presented as a single entry.
bWhere the filled V{,g) band and empty bands overlap, the @] 2ind net conduction bandwidths are both
presented.

insulating character of nondefective VO. An orbital projec-as the percentage of exact exchange is reduced, the lower

tion of the V(3d) bands confirms that AFsymmetry splits  edge of the conduction band in the ABlignment remains

the twofold Q, degeneracy of the @ states in the FM/  predominantly ot,, character for the entire range of single-

nonmagnetic lattice into four nondegenerate subbands, leagarticle potentials we have considered.

ing to an overald-level ordering and occupancy of the form  These observations raise some interesting issues. While
all the low energy gap excitations are locally Laporte forbid-

d (D) (1)<dy,(T) den (A¢=0), as they must be for a MH system, the lowest
Y of thesed,,(1)—d,(]), is also spin forbiddenXS+0). It
is unlikely, therefore, that the latter could be identified with
<d2_v(1)<d25(1)/dfv’z(i)<d32(T)<d227y2(T)---- any measurable adsorption edge. For the B3LYP potential,

which has been observed to yield anion to cation gaps in
impressive agreement with data from a variety of souffes,
(Again, in the interests of visual clarity, this set of more the edge to edge,,(1)—d,,(l) (AS#0) gap in AR VO is
detailed projections is not shown on the DOS plots F ~2.5eV, the spin-allowedi,,(1)—d,2(T) gap ~3.0eV,
decreases from 0.6 to 0.1, a gap opens between the filleghd the \\>O charge-transfer gap-3.5 eV, and it is the
V(tyg) bands, which broadens by0.13 eV, and the O(2)  |atter that might reasonably be expected to lead ttsamong
bands, which narrows by-0.88 eV. More importantly, de- absorption edge. For interest, we have also calculated the
spite an increase in the weight of the minorityey) states  electronic structure of nondefective VO based on the B3LYP
potential, but at the observed lattice constant for the stoichio-
15.0 . . . . metric, defectivematerial, 4.063 & These calculations indi-
cate the continued stability of the ARnagnetic state, and
the existence of aly,(1)—dyy () gap of width 0.97 eV.
While this is substantially lower than for the equilibrium
structure, the system remains assuredly insulating. Our cal-

empty

125

100 culations suggest, therefore, that the metallicity observed in
sl samples of VQ of varying stoichiometry should not be at-
z tributed to the properties of the underlying perfect lattice at
e the contracted cell dimensions, but is more likely a conse-
< o0 quence of the presence of defects.

This description of the band structure is reflected in Mul-
25T liken analyses of the total wave function. At the UHF level
of approximation, the overlap population between nearest-

0.0 neighbor V and O sites is-0.04e, that between V) and

V(]) sites 0.006, and there is virtually no overlap density

25,5 . v o6 v To between V sites with the same spin. The overlap population

F between O sites is-0.008, which is marginally antibond-

ing, leading to an overall UHF description of the ABpin
FIG. 6. Filled to unfilled energy gafpE, for the AR, (O), AF,  alignment as essentially ionic. The introduction of correla-

(d), and FM(A) states as a function ¢%. tion into the UHF potential leads to a general increase in
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bond populations, indicating a slight overall decrease in the TABLE IV. The direct, J4 (meV), and superexchangels.
degree of ionicity. Reducing the proportion of exact ex-(meV), coupling constants and mean-field transition temperatures
change results in further changes to the overlap populationby (K) for the AR, and AR, alignments at the optimized ARattice

in AF; VO, with an increase in bonding between all nearestconstants, all as a function &%.

neighbor V sites and a reduction in the antibonding charactet

of both V-O and O-O interactions. Progression to the metal- Fo Ja Jse Tn (AFy) Ty (AFy)
lic state in the DFT limit leaves the latter two interactions g ~11.08  +2.02 186.86 233.65
virtually unchanged, whereas the populations associated with 4 ~14.80 +2.30 263.20 316.65
V(1)-V(]) and M1)-V(T) nn pairing increase dramatically 0.8 1754 41279 309 87 37451
from 0.022 and 0.002, respectively, aF;=0.1 to 0.03@ 06 9115 4350 369.15 450.14
and 0.01&, with a lowering of the Fermi level within thig, 04 —26.67 455 460.45 565.97
ifold. Thus in the pure DFT description of VO it is likely ' ' ' ' '
man 02  -3562  +6.69 593.49 748.79

that the metallic state arises from an increased overlap of
nearest-neighbor V(@ orbitals..

Overall, the electronic structure of the ABtate revealed
by the DOS is quite similar to that of the AFwith only
minor changes resulting from the difference in symmetry. In
contrast to the AFalignment, no splitting of the \&;) and
V(t,y) states beyond that produced by the octahedral crystz@
field is observed, which is entirely consistent with the differ-
ent symmetries of the two magnetic supercells. Decreasing
the proportion of exact exchange leads to an increasing sep
ration of the valence O(2) and V(t,g) bands, as in the case
of the AR, alignment. While the O(g) bandwidths are simi-
lar, the V(t,5) bands are narrower, indicating a more re-
stricted overlap of orbitals than in the ARlignment. The
reason for this is the different number of nn cations with
parallel and antiparallel spins in the two alignments. In, AF
symmetry, each cation interacts with four parallel and eigh
antiparallel metal spins, whereas in Asymmetry, the inter- metric, nondefective VO the stability of the lowest-energy

actions are with six parallel and six antiparallel spins. Over-_ . " . .
lap of the occupied! states is thus more strongly inhibited spin alignments derived from a mappingE(FM), E(AF,),

by exchange in the latter magnetic structure, leading to ZNAE(AR,) ontoHyging is predicted to be in the order

narrowerd band. This mechanism has no effect on the anion
p band, which is almost identical for both types of antiferro-
magnetism. The O(®) band narrows by-1.4 eV asFg var- . o
ies from 1.0 to 0.1, whereas the tyf) band broadens by in conf[rast to the ord(_ar of sta_blllty obtainelirectly from

~0.3 eV across the same range. As in the Afignment, the  [IrSt-principles calculations, which is

conduction-band edge is dominated by minority spig

states with an increasing weighting of thg states as is AF{>AF,>AF;>FM.

decreased.

The DOS of the FM states are naturally quite different toThe root of the disparity lies in the assumption, which is
those derived from antiferromagnetic order. The net spin poimplicit in all mappings of this sort, that the electronic struc-
larization carried by the lattice acts to suppress the energy dfires and bonding in the four magnetic phases are essentially
the majority-spin orbitals relative to the correspondingidentical. Differences in energy between them are posited to
minority-spin orbitals, leading to broader bands. As shown irarise solely from the direct and superexchange coupling of
Fig. 5, only majority-spin V{,4) orbitals occupy the identical local moments in identical electronic environments,
valence-band edge, while the conduction-band edge ikading to identical coupling constants/energies. While this
formed from minority-spin Vé;) orbitals. As a result of the assumption seems to hold for the more ionic systems, MnO
band broadening, a splitting of the QfR and V(2g) va- and NiO% it patently does not hold in the case of VO, as
lence bands does not occur until the exact exchange falishown by the strong spin-lattice interaction discussed in Sec.
below 20%. IIA. Further evidence for the small, but important differ-
ences between the three antiferromagnetic phases is found in
the integrated densities of valence states. For example, the
total UHF oxygen populationger formula unitin the AF;,

Direct and superexchange coupling energies extractedF,, and AR alignments are 5.9/ 5.92, and 5.44, re-
from the total energies of the FM, AFand AF, spin align-  spectively, and corresponding vanadium populationse.99
ments, as outlined in Sec. Il A, are given in Table IV. From3.00C, and 2.9%. Thus, the population of the Of2 band in
the sign ofJy and Jg, it is evident that both direct and su- AF; alignment is~0.5¢ less than in the two other AF phases

0.1 —44.31 +8.80 721.67 925.83

perexchange interactions favor antiferromagnetic alignment
of both nn and nnn vanadium spins. There is a fourfold in-
rease in the magnitude df; and J,. over the range of
ingle-particle potentials we have considered and, as ex-
ected from arguments presented in Sec. lll A, direct ex-
hange is found to be more than five times stronger than
gﬁperexchange. It is straightforward to show that for an Ising
spin Hamiltonian of the type invoked in this study, the dif-
ference in energy between the ARnd AF; alignments,
[E(AF,) —E(AF3)], is 2J4e, in which case the mapping we
have used here leads tol@ver energy for AR than AR .

For the value ofl)g. derived from UHF energies, for ex-
tample, the difference is-4 meV, whereas thdirect total-
energy differencdas —27.5 meV. Thus for fully stoichio-

AF5>AF,>AF,>FM,

B. Magnetism and phase transitions
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1000 ' ' ' ' transitions on the basis of first-principles multireference clus-
ter calculation§?=%* It is well known that such excitations
are strongly localized, with the characteristics of Frenkel
excitons®® In previous studies of NiOg—d excited states
were found to be stable both in the bulk and the reduced
symmetries of the inner and outer layers{d00; slabs, with
differences in transition energy &f0.05 eV for identical @
crystal-field excitations in the two geometrf@sIn the
present work, stable excited states could not be obtained in
the bulk, for reasons that remain unclear, so that all the cal-
culations reported here refer to the central plang/1df0
slabs consisting of three and five layers. As befGré&e

200 | UHF slabs were constructed frorfsurface 2x2 supercells in
which thed—d excitation is confined to one vanadium atom
per supercell of the central plane where {fecal) crystal

0 . . . . . field is identical to the bulk and of Osymmetry. The refer-

0.0 0.2 0.4 0.6 038 L0 ence system we used has ttfeorbital perpendicular to the

Fo basal{100; slab planes, with thex—y?) orbital pointing

FIG. 7. Mean-field critical temperature for the AFO) and AR, toward the neighboring_ oxygen atom_s' Itis important to em-
() magnetic states as a function 6. phasize that the energies of the excited states were obtained
by variational minimization of the totalexcited-state en-
and it is precisely these differences that invalidate the asergy- That is to say, the total energy of the excited state,
sumptions implicit in mapping first-principles energies ontowhich is alocal minimumin the energy hyperspace of the
Hising in the case of VO. system, is found directly by an identical, variational proce-
The above remarks notwithstanding, we have ukeand  dure to that for the ground state. This leads to excitation
Jse to provide qualitative estimates of the &léemperatures €nergies which are simptérect differences between ground
of the AF, and AR, phases. Elementary considerations indi-and excited-state total energies.

800

600 -

T (K)

400

cate that within a mean-field approximation filigy,q, (o) Now the expressions for the crystal-field state energies
for these two phases is given by given in Sec. Il C, strictly speaking, hold for an isolat@d
ion, so that they are appropriate for a free ion or an isolated

234+ 3Jse impurity in a nonmagnetic lattice. However, for ordered
<U>AF1:tan T magnetic systems, the interaction with neighboring spins
. must be included. In the case of VO, the magnetic states of

234+ which are dominated by the direct coupling of nn spidg) (
(o) ar tan}{ T = the energies of the crystal-field states in the FM alignment
B can be written as
which as(o)—0 leads to E,~EQ -+ 3A— 158 12],,
—2J4—3J
TA[AF,]= ‘:(—Bse, Exyﬁzz:Egﬁ— 3A—-3B+A 84,
Exyx2—y2= EQet+ 3A—15B+ Ace—8Jy,
—2J4— Jse
Tn[AR3]= Tk Exzyz22x2—y2= EQet 3A—12B+2A cp— Iy,
The variation of Ty with Fq is shown in Fig. 7, where it Exymﬂxy(i)zE?:F+3A—98+2C—4Jd,

should be noted that mean-field theory is known to overestil-eadin to the following excitation enerdies:
mateTy by a factor~4/3 through the neglect of fluctuations. 9 9 gies:

Recent work on MnO and Ni® has shown that direct and AEy, . 2=12B+Ace+4dy,
superexchange coupling constants close to the magnon de-

rived values are obtained from hybrid functionals containing AEyy .x2—y2=Acpt4dy,
20%-50% exact exchange, which for VO would lead to an

AF, critical temperature in the range 300—450 K. AByzyz.z2x2-y2=3B+2Ace+ 8]y,

AExy(T)—>xy(i): 6B+2C+ 8Jd .

) ) ) ] Likewise, in the AR alignment, the crystal-field energies can
The existence of weak, orbitally forbidded(=0) exci-  pe written as

tations in the paradigm magnetic insulators NiO and MnO

C. Crystal-field excitations

has been revealed by optical-absorption studies and electron Eg= E?;F+ 3A-15B+4Jy,
energy-loss spectroscopy. The absorptions are found to lie o
within the bulk band gap, and have been attributed-ted Exy—22=Ecpt 3A—=3B+Ace+8Jy,
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TABLE V. Excitation energiesAE (eV) and excited orbital chargex(+ 8) and spin ¢— ) occupation for the three spin-allowed,
Laporte-forbidden transitions as a functionff.

xy—2z2 xy—x2—y? Xz, yz—72, x°—y?

Fo State AE at+pB a—pB AE a+pB a—pB AE a+p a—pB
UHF FM 2.519 0.925 0.94 1.175 0.916 0.943 2.689 0.936, 0.936 0.934, 0.947
1.0 FM 2.638 0.921 0.939 1.300 0.911 0.939 2.932 0.931, 0.929 0.930, 0.942

AF, 2.649 0.914 0.930 1.308 0.930 0.937 3.182 0.923, 0.924 0.923, 0.939
0.9 FM 2.602 0.916 0.934 1.294 0.907 0.936 2.920 0.927, 0.925 0.925, 0.940
0.8 FM 2.563 0.910 0.929 1.285 0.901 0.932 2.905 0.923, 0.921 0.921, 0.936
0.7 FM 2.522 0.902 0.924 1.278 0.896 0.929 2.888 0.916, 0.917 0.917, 0.932
0.6 FM 2471 0.893 0.915 1.267 0.888 0.924 2.863 0.911, 0.911 0.910, 0.926
0.5 FM 2.416 0.877 0.900 1.251 0.878 0.918 2.837 0.902, 0.904 0.902, 0.921
0.4 FM 2.338 0.847 0.868 1.233 0.867 0.908 2.798 0.890, 0.895 0.887, 0.911
0.3 FM 2.194 0.761 0.770 1.200 0.849 0.896 2.734 0.867, 0.881 0.864, 0.898

AF; 2.279 0.828 0.851 1.210 0.883 0.897 3.164 0.865, 0.872 0.868, 0.893

Exyﬁxz_yzzEOCFjL 3A—15B+Ace+8Jy, sion of only the nnly interactions in the crystal-field ener-
gies. Thus for the one-electron excitations, the differences
Exnyzo22—y2= EQ+3A—12B+2A—4Jg, between the FM and AFenergies vary from 0.008 to 0.085
’ ’ eV, whereas for the two-electron excitation, which in our
Evy(1)—xy()) = E2pt 3A—9B+2C+12]y, approximation involves a difference of 16, the differences
between the two alignments vary from 0.25 to 0.43 eV. As a
and the excitation energies as further check on the consistency of our calculations, the val-

ues ofJy given in Table 1V, which are obtained solely from
the ground electronic state, predict differences of 0.24 and
0.48 eV for the two-electron excitation. Thereafter, both the
energies and occupancies of all four excitations were found
to decrease with decreasing exact exchange. As a check on

AE,y . »=12B+Ace+4dq,

AEXy_,XZ_yZZ ACF+ 4Jd y

AEyzyz .22 x2-y2=3B+2Acr—8Jy, the influence of slab thickness, UHF calculations of the spin-
allowed excitations were carried out for five-layer slabs, re-
AEyy(1y—xy()=6B+2C+8Jy. sulting in decreases of 0.03 and 0.08 eV, respectively for the

S o o xy—z? andxz, yz—z?, x>—y? excitations, which are per-
~ From this, it is clear_that within our approximation of pendicular to the slab, while the energy of the in-platye
including only J, interactions, the energies of the three one-_,x2—y?2 remains unchanged. Quite reasonably, perpendicu-
electron excitations are identical in the FM and ,A#lign-  |ar excitations are the more sensitive to slab thickness,
ments, whereas there is a difference ofid@or the two-  though the relatively small differences between the three-

electron excitation. For this reason, the majority ofand five-layer energies suggest that Tables V and VI give a
calculations were performed in the computationally more

convenient FM. ar.rangemen.t, al.thOUQh’ as a CheCk we have TABLE VI. Excitation energyAE (eV) and excited orbital
calculated excitation energies in both spin allgn_m_ents 1EOIE:harge and spin occupation for the spin- and Laporte-forbidden
100% and 30% exact exchange. However, the optimized Any(T)ny(l) transition as a function df .

lattice constants were used throughout.

The2 energies of2 the2 spin-allowed §=0) one-eleé:trcz)n Fo State AE a+p a—p

Xy—z° and xy—x“—y*, and two-electronxz,yz— z-,x

—y? trilayer excitations as a function d¥, are given in UHF FM 1.395 1.013 —0.976
Table V and those for the spin-forbiddey(7)—xy(|) ex- 1.0 FM 1151 1.010 —0.964
citation in Table VI. In both cases thexf- 8) and (a— ) ARy 1.133 1.015 —-0.971
orbital occupancies of the excited state indicate that these 0.9 FM 1.072 1.012 —0.964
excitations are highly local for the entire range of potentials. 0.8 FM 1.012 1.012 —0.959
No stable excitations were found féry<<0.3, so that the 0.7 FM 0.950 1.011 —0.952
B3LYP potential £,=0.2) appears to be unable to support 0.6 FM 0.881 1.011 —0.943
these elementary excitations in VO. The introduction of cor- 0.5 FM 0.809 1.009 —0.930
relation into the UHF potential increases the three spin- 0.4 FM 0.724 1.005 -0.911
allowed excitation energies, and decreases the spin-forbidden .3 FM 0.619 0.997 -0.882
energy, which is entirely reasonable, for only the latter in- AF, 0.675 1.018 —0.905

volves spin pairing. Tables V and VI also support our inclu-

115119-12



HYBRID DENSITY FUNCTIONAL THEORY STUDY CF. .. PHYSICAL REVIEW B 69, 115119 (2004

TABLE VII. RacahB (eV) andC (eV) parametersd-manifold averaged interband exchange constaeV) and ratiol’ = C/B for the
V ion both free and within the lattice, as a functionff. Also shown are the crystal-field splitting parameiey- (eV) and the two-patrticle
(xz,y2)— (2%, x2—y?) excitation energ\AE,p (eV) and deviation from the directly calculated val(fable V) predicted on the basis of the
single-particleB and A - parameters.

Lattice (trilayer) Free V' ion

Fo  State B C Acr J AEp r B c J r

UHF FM 0.1119 0.4059 1.220 0.6858 2.6870.09%) 3.6264 0.1143 0.4536 0.7394  3.9685
1.0 FM 0.1115 0.3003 1.359 0.5790 2.934(.07%) 2.6939 0.1152 0.3534 0.6414  3.0677
AF, 0.1118 0.3895 1.367 0.6689 3.1880.19%) 3.4853
0.9 FM 0.1090 0.2721 1.357 0.5447 2.915@.19%) 2.4965 0.1132 0.3369 0.6199 2.9761
0.8 FM 0.1064  0.2564 1.355 0.5225 2.890.52%) 2.4092 0.1113 0.3226 0.6009 2.8985
0.7 FM 0.1036 0.2415 1.356 0.5006 2.867@.70%) 2.3310 0.1093 0.3131 0.5864 2.8646
0.6 FM 0.1004  0.2250 1.352 0.4759 2.8351.00%) 2.2414  0.1073 0.3100 0.5783 2.8891
0.5 FM 0.0971 0.2078 1.345 0.4505 2.7931.54%) 2.1401 0.1053 0.3132 0.5765 2.9744
0.4 FM 0.0921 0.1913 1.338 0.4216 2.7422.03%) 2.0765 0.1033 0.3179 0.5762 3.0774
0.3 FM 0.0828 0.1819 1.321 0.3889 2.6483.13%) 2.1965 0.1013 0.3248 0.5781 3.2063
AF, 0.0891 0.1911 1331 0.4139 3.1790.19%) 2.1443

qualitatively correct indication of the weak absorptions inwith values of 0.0936, 0.4038, and 4.314 eV, respectively,
stoichiometric VO, especially in view of the relative insen- reported by Tanabe and Sugaid\ comparison of the lat-
sitivity of the energies to the proportion of exact exchange.tice and free-ion parameters shows that the R&&gtaram-

In the case of NiQRefs. 67 and 68 La,CuQ, (Refs. 69 eter is strongly reduced by the crystalline environment, no-
and 70, and SyCuO,Cl, (Ref. 71) and other first-row tably as the proportion of exact exchange decreases, leading
transition-metal chalcoginides whede—d excitations have to reduced Hund exchange coupling. Such a pattern is indeed
been observed, an important consideration is their juxtaposinoted in the later transition metal oxides, in which pure DFT-
tion to the strong anion to cation charge-transfer absorptio6GA (generalized gradient approximatjocalculations pre-
edge. For MH systems there is the added interest of compadict the onset of low spin states at modest hydrostatic
ing the energies of on-site and edge to edgend excita-  pressure$® However,(XES) measurements in Fe®ef. 74
tions of the same orbital types, from which energies of Frenindicate that if such spin transitions do occur, they will be at
kel localization can be estimated. While such comparisonsignificantly greater pressures than those derived from the
can be made for the full range of exchange-correlation poGGA calculations. Data collected and presented by Tanabe
tentials, the evidence presented in Ref. 48 suggests that corand Sugan@ suggest that the value & for free ions, sub-
parisons for the B3LYP potential might be the most mean-stitutional impurities, and cations in the binary oxides is
ingful. In the absence of direct values, extrapolating theroughly constant and in the range 4.2—-4.5 across the first-
energies given in Tables V and VI yields approximaterow transition metals. Here, only the UHF values approach
B3LYP values of~0.5,~2.1, and~1.2 eV for the crystal- this range, and while the free-ion values for |6y might be
field xy(1)—xy(l), xy(1)—Zz*(1), and xy(])—x?> acceptably close, in the crystalline environmdhis reduced
—y?(1) excitations, respectively. These compare with edgdo pathologically low levels as the proportion of exact ex-
to edge(band values in the AF alignment of~2.5,~3.2,  change is reduced.
and~ 3.1 eV respectively, leading to Frenkel localization en- Also included in Table VII is a comparison of
ergies of ~2.0, ~1.1, and~ 1.9 eV. Furthermore, all four AEy, .,2x2-y2 derived from thelmapped crystal-field pa-
crystal-field excitations are predicted to lie below therameters and those obtained directly from first-principles cal-
(strong V— O charge-transfer absorption. culations. The close agreement between the two supports the

Values forB, C, Acr, d-averagedJ, and the Tanabe- Vvalidity of mapping first-principles energies onto the Kan-
Suganol’ parameter C/B) 2 derived from the trilayer exci- amori crystal-field Hamiltonian, notably at the UHF level of
tations and free ¥" ion are presented in Table VII. As the approximation. In the limit of exact exchange the percentage
proportion of exact exchange is decreased the lattice valueglfference between the direct and indiré¢otapped excita-
of B, C, andJ decrease, which once again reflects the in-tion energies is 0.1% and even at the stability limit of the
creasing covalency of the bonding in VO as the limiting DFT excited statesi-;= 0.3, the difference is only 3%.
description is approached. Since the crystal-field splitting
varies inversely with the lattice parameter, it too decreases IV. CONCLUSIONS
with decreasing exact exchange. For the free ion, Bo#md
J decrease withF,, although there appears to be a very The principal conclusion of this first-principles study of
minor upturn inJ as the stability limit for the crystal-field stoichiometrichondefectivé/O is that the ground electronic

excitations is reached. Our free i@ C, andI’ compare state in the rocksaltF(m?m) structure is that of a® high
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spin, antiferromagnetic, Mott-Hubbard insulator with an;AF for exchange-correlation potentials down to 30% exact ex-
spin alignment of the local cation moments. Furthermorechange. All excitations lie below the absorption edge, and
this description remains essentially unchanged for singlefrom comparisons with the corresponding band excitations,
particle Hamiltonians ranging from pure UHF, i.e., exact ex-estimates of-1-~2 eV are obtained for the Frenkel local-
change, to exchange-correlation potentials containing dowiation energy of the crystal-field states.
to 10% exact exchange. It is only for the pure DFT potential (Vi) A mapping of the excited crystal-field energies onto a
that the AR phase is predicted to be metallic. Further impor-Kanamori Hamiltonian leads to values for tkeolid-state
tant conclusions are the following. RacahB andC parameters, and-orbital averaged exchange
(i) For the full range of insulating potentials there is and crystal-field energies. A comparison of fitted and directly
strong spin-lattice interaction with differences in lattice con-calculated energies for the spin-allowed two-electron excita-
stant of up to 1.6% between ARnd FM order. tion xz/yz— z%/x?>—y? confirms the validity of such map-
(i) The AF, lattice constant is predicted to lie in the range Ping.
(4.35-4.38 A, with a value of 4.37 A suggested by direct  Finally, there is the problematic issue as to whether there
comparison with a similar range of calculations for the,AF iS an “optimum” or even “preferred,” hybridization for VO,
alignment of MnO. These values are roughly 7% greater thags discussed for Ni€:** Clearly the lack of quantitative
the reported lattice constants for the stoichiomettafective ~ data for the fully stoichiometric, nondefective material
material®® leaves this unresolved at present. However, even for systems
(iii) From a mapping of the total energies of the ,AF such as NiO and MnO, where the data are more plentiful, the
AF,, and FM alignments onto an Ising spin Hamiltonian values ofF, that lead to best fit to experiment appear to be
containing both direct and superexchange interactions theoth property and system dependent. For NiO, valuesof
dominant magnetic interaction is revealed to be the directn the region of 0.2-0.4 lead to an energy gap close to the
coupling of antiferromagnetically aligned nearest-neighboi(Strong absorption edgé*® and Ising model magnetic cou-
cation spins, which leads to the stability of the Aphase. Pling constants that are close to the magnon-derived
While the entire range of insulating potentials favors thg AF values;® although larger values in excess of0.5 are re-
alignment, there is a fourfold increase in the direct couplingduired for the lattice structurel—d excitation energies and
constant from—11.08 to—44.31 meV as the proportion of Insulating behavior of LNi;_,O (0<x=<0.5).°""® Further-
exact exchange is reduced from the correlated UHF limifnore, in the case of MnO, it has recently been shown that a
down to 10%. This in turn leads to an estimated criticalvalue ofF in the region of 0.2-0.3 leads to a dir¢atag-
disorder temperature in the range 300—450 K. netic) exchange constant in agreement with that derived from
(iv) The limitations of such a mapping are exposed by a&he magnon data, but that a value f in the region of
consideration of the AFstructure which fitted coupling con- 0.5-0.6 is required for the superexchange constaRtom
stants derived from FM, AF and AR, total energies predict these and other studiésit is apparent that for the currently
to be more stable than AFin contrast to direct total-energy reported range of exchange-correlation functionals, hybrid-
calculations. ization in the midregion, 0.3-0.6, leads to the widest agree-
(v) From orbital projected densities of states the filled toment with experiment, so that out final conclusion is that the
unfilled gaps are found to depend strongly on the proportionoptimum’ choice for stoichiometric, nondefective VO is
of exact exchange and for the widely examined B3LYP po-Within this region.
tential are~2.5eV for the spin-forbiddemxy(1)—xy(])
excitation, ~3.0 eV forxy(1)—2z%(1), and~3.5 eV for V
— O charge transfer. The latter might reasonably be identi-
fied with a(strong absorption edge. D.S.M. wishes to thank the EPSRC for financial support,
(vi) Variationally stable, highly local crystal-field excited during the tenure of which the work reported here was car-
states ranging in energy from0.6 to~2.7 eV are predicted ried out.
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