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A local-density-approximation (LDA) and LDA + U band structure study of various phases of V,0;
shows that the most prominent (spin-+) models used to describe the semiconductor-metal transition are
not vaid. We find that the large on-site Coulomb and exchange interactions result in a total spin of 1
rather than % and especialy an orbital occupation which largely removes the orbital degeneracy. The
calculated magnetic structure is consistent with experiment, again without the need for orbital ordering.
These results strongly suggest that the phase transition in V,05 which is so often quoted as the example
of a spi n-% Mott-Hubbard system have a different origin.

PACS numbers; 71.27.+a, 71.20.—b, 75.30.Et

The V,0; system has been a topic of intense study for
more than 50 years by both theoreticians and experimen-
talists because of its rich phase diagram. It undergoes a
first order metal-insulator transition with a 7 orders of the
magnitude change in the electrical conductivity [1], which
can be induced by temperature, pressure, aloying, or non-
stoichiometry. It also exhibits an antiferromagnetic insu-
lator (AFI) to paramagnetic insulator (Pl) transition which
aso is first order and a first order paramagnetic insulator
to paramagnetic metal (PM) transition. Many theoretical
models have been put forward to describe these proper-
ties based mainly on the Mott-Hubbard model [2—6]. In
fact V,0; is nowadays used as the best studied example
of a Mott-Hubbard system with a semiconductor to metal
transition. To explain the peculiar antiferromagnetic or-
der (Fig. 1) in the low temperature insulating phase (AFI)
with pairs of parallel spins coupled antiferromagnetically
in the basal plane the intriguing idea of orbital ordering
in the presumably doubly degenerate E, orbitals was sug-
gested [7] and revived recently [8] to explain new neu-
tron scattering results [9]. Also within the context of
infinite dimension calculations to describe strongly corre-
lated systems V,0O; is how used as a good example of the
success of this approximation [10]. However, the char-
acter of the phase transition and the nature of the ground
stateis till very controversial. Recent photoemission and
x-ray absorption results [11] strongly suggest that the AFI
ground state should not be described as a spi n-% antiferro-
magnetic Mott-Hubbard insulator as assumed in the above
theories and, related to this, that the d orbital occupation
is quite different from that conventionally assumed.

Also the very recent anomalous x-ray scattering [12],
athough showing the inequivalent orbital occupation at
different sites, resulted in an orbital structure different
from the most plausible one which followed from [7].

The commonly used picture assumes that out of two d-
electrons of each V3", one forms abonding orbital with the
corresponding electron in a pair along the ¢ axis, so that
this bonding level isfilled by the singlet pair. As aresult
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we are left in the low energy scale with the one electron
in the remaining doubly degenerate orbital at each V. Our
calculations and the physical arguments however lead to a
completely different picture.

First we give some general arguments. The molecular
orbital picture [7] could be valid only if the hopping ¢.
between a c pair is bigger than the Hubbard U. Aswe will
see later it is definitely not the case in V,0;. However
even if the singlet pair could be formed on this bond,
it will be a Heitler-London pair with binding energy of
~t§/U rather than ~z.. But the Hund's rule interaction
Ju with the remaining t,, electron will break this pair for
Ju > t2/U which is definitely the case here, resulting in
the formation of a spin-1 state at each V, and not spin-%
as in the picture usually adopted. Thus the very starting
point of conventional treatment [7] isnot valid for realistic
values of parameters. Actually Castelani et al. realized
this themselves, see especially their discussion on p. 4990
of their second paper.

Below we confirm these general arguments by the
actual calculations and show that despite the fact that it
is still possible to explain the main properties of the low-
temperature phase of V,0; starting from a completely
different picture.

FIG. 1. The AF structure of the low temperature AFl phase
of V,0;. The gray and filled circles correspond to spin-up and
spin-down orientations of the local magnetic moments on V
ions. The definition of notations used for the superexchange
interactions along the various paths is also shown.
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We carried out the study of the electronic structure
of V,0; in local-density approximation (LDA) [13,14]
and LDA + U [15,16]. In LDA + U the Hubbard U is
included as an effective potential, different for electron
addition and removal .

The crystal structure in the low temperature AFI phase
ismonoclinic [17]; above T, this changes to the corundum
structure (7. = 150 K [18]). The calculated densities
of states for both structures are very similar showing
that the electronic structure itself is little influenced by
the lattice distortions. In Fig. 2 the partial densities of
states (DOS) obtained in the LDA calculation for the
monoclinic crystal structure of V,0; are shown. They
are very similar to those found by Mattheis [19] for
the corundum lattice. The trigona distortion causes the
otherwise threefold degenerate 1, 3d orbitals to split into
anondegenerate A;, and double degenerate E, levels. In
this representation the A, orbital has3z? — r? symmetry
in a hexagona coordinate system, i.e., with the z axis
along the ¢ direction (V-V pairs), and E, orbitals are
directed more towards the V ions in the basal plane.

In Fig. 2 we see a rather broad A, band with a total
width of about 2.5 eV and a2 eV E, band both straddling
the Fermi energy and resulting in a metallic state. The
A, band actually exhibits a strong peaking above Ef
and only relatively little weight below E;. This looks
very different from a bonding-antibonding splitting which
should have exhibited a more symmetric structure about
the center of gravity occupied by 1 electron per V atom.
The total calculated occupation number of the A;, band
is only 0.5 electrons per V atom. We aso note that
the total A, bandwidth is only 2.5 eV which is smaller
than the expected value of the Hubbard U of about 3 eV
including the screening due to the strongly bonding e,
electrons [20] or about 4-5 €V without this screening

V,0, (LDA)
Monoclinic Structure

—Ayq (occupation 0.5)
--------- E, (occupation 0.81)
U

gbic g

DOS (states/eV atom spin)
g

y
2.0 3.0 4.0

FIG. 2. Partial densities of state for 34 states of V obtained
in the LDA calculation. Occupation numbers are given per
one orbital (and both spins); i.e., each of the E, orbitals has
occupation of 0.81 electrons. The Fermi level is at zero energy.

channel [21]. Such a small bandwidth would invalidate
amolecular orbital-like approach.

Another important point is that the E,-A,, splitting due
tothetrigonal field isaslarge as ~0.4 eV with the E, band
center below that of the A;, band. This large splitting
makes the E,E, configuration for the AFI phase more
favorable than the A, E, configuration. Thisimplies that
the ground state AFI phase will not be degenerate leaving
no place for any orbital ordering in the usual sense.

We performed LDA + U caculations for different
magnetic structures, namely, the “red” AF (Fig. 1), a
“simple’ AF (all the nearest neighbors are antiferromag-
netically coupled), a “layered” AF (al the nearest neigh-
bors in basal plane are antiferromagnetically coupled and
the neighbor along the hexagonal ¢ axis is coupled ferro-
magnetically), and FM structure. In Fig. 3the LDA + U
partial DOS are plotted. Heretheresultsfor U = 2.8 eV
and J = 0.93 eV are presented [20]. The striking point
of the LDA + U result is that the electronic structure
strongly depends on the magnetic structure. The band gap
for instance in the real AF magnetic structure is 0.6 eV
close to the experimental value [Fig. 3(a)], while in the
FM structure we find a half-metal [Fig. 3(c)]. The nature
of the DOS changes strongly even far below and above
the Fermi level indicating the very strong sensitivity of
the electronic structure to the spin structure. However, the
occupation numbers for all magnetic structures are ~0.95
for each E, orbital, and ~0.25 for A;,, which formally
corresponds to E,E, configuration with a rather small ad-
mixture of E,A;,. The robustness of the E,E, ground
state is not only demonstrated by a very rapid conver-
gence to this state independent of how we start the calcu-
lation but also by the very large difference of 0.5 €V per
V atom between this lowest energy state and the energy
of the E,A,, state if the latter is kept frozen.

Inthiscalculation thereisno sign of the most commonly
accepted orbital ordering. However, the A-E admixture
has different phases, E, = aA,, for neighboring planes,
consistent with the existence of a screw axisin the crysta
structure of V,0;. We have calculated the quadrupole
moment tensor for d shells of V ions and have found
that while threefold symmetry is broken for the real AFM
structure, the quadrupolar moment tensor is the same on
al Vionsin agiven plane. Because of different signs of
the A, admixture there is small tilting of the quadrupolar
axes in opposite directions for atoms in a ¢ pair; this can
explain the superstructure observed in [12].

We should stress here that the total energy difference
between different magnetic structures is realy small.
For the monoclinic crystal structure the real AF state
has the lowest total energy followed by the simple AF
state, which is higher by 80 K. In the case of the
corundum crystal structure the simple AF state has the
lowest energy, but the energy difference with the real AF
state was only 5 K. Thus in the corundum phase these
two magnetic structures (real and simple) turned out to be
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FIG. 3. Partial densities of states for d states of V obtained in the LDA + U calculation. (@) Rea antiferromagnetic structure;
(b) simple antiferromagnetic structure; (c) ferromagnetic structure

almost degenerate. In short, the LDA + U results show
us how important the small monoclinic distortions are for
the magnetic structure and how low energy scale exci-
tations, involving only spin reorientation, can effectively
change large energy scale values such as band gaps.
There are two problems arising from the present results.
First the spin should be considered to be 1 per V atom
rather than % and, second, that the orbital occupation is
consistent with a predominantly E, E, configuration of the
ground state, which is in-plane symmetric and orbitally
nondegenerate, but still with the complex real magnetic
structure of the AFI phase. In this magnetic structure
shown in Fig. 1, every atom has three closest neighborsin
the basal plane, one of which is ferromagnetically aligned
(J«) and the other two—antiferromagnetically (Jg, and
Jg,), and also there is one neighbor along the hexago-
na ¢ axis which is ferromagneticaly aligned (/,) (see
Fig. 1 for definitions of exchange interaction parameters).
To check the above mentioned consistency we calcu-
lated the exchange interaction parameters (EIP) using a
well tested method described in [22]. It was found that
only one stable magnetic structure exists in the mono-
clinic phase. (“Stable” or “consistent” means that if in
the EIP calculations the certain pair of spin was paral-
lel, the corresponding exchange parameter came out as
ferromagnetic, and if antiparallel, as antiferromagnetic.)
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It is the real AF magnetic structure with the follow-
ing values of EIP's: J, = 48 K (ferromagnetic), Jz, =
—214 K, Jg, = —90 K, J, = 47 K. For the corundum
crystal structure we obtained two stable magnetic con-
figurations from the EIP calculation point of view: real
AF (Jo = 55, Jg, = Jg, = —120, J, = 44) and mag-
netic structure with uniform AF exchange in the basal
plane (Jo = Jg, = Jp, = —65) and small frustrated ex-
change along the hexagonal ¢ axis (J, = 0). From these
results we can say that indeed the monoclinic distortion
of the crystal structure stabilizes the real AF magnetic
structure, and the E,E, configuration of the d electrons
is consistent with this magnetic structure. The values of
EIP's depend strongly on the magnetic structure, which
tells us that one cannot adequately model the magnetic
interactions in V,0; as only nearest neighbor Heisenberg
exchange. Thisis most probably connected with the fact
that V,0; is close to being metallic which is also reflected
in the strong dependence of the electronic structure on
the magnetic one (and vice versa) which we saw in the
LDA + U calculation. The polarized neutron scattering
experiments [23] show the strong dependence of the mag-
netic interactions on the crystal structure.

Another factor may be that because of the specific
crystal structure of V,0; the exchange interactions with
nnn in neighboring planes can be comparable with the
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nn one, this nnn interaction occurs via the V-O-V
superexchange path with the angle ~135°, whereas the
nn exchange goes over via the V-O-V angle close to
90° which strongly reduces it and can even make it
ferromagnetic [24]. All this shows that one should not
try to explain the magnetic structure of V,0; by only the
nearest neighbor Heisenberg model.

Our results show that for the distorted monoclinic
crystal structure the real AF magnetic structure is the
lowest one and the only one which gives a consistent
set of exchange interaction parameters. Our calculations
aso give avaue of the magnetic moment per V.~ 1.7 up,
nearly the samein all the structures studied. Thisvalueis
somewhat larger than the value of 1.2, obtained from
neutron scattering for the antiferromagnetic phase, but is
consistent with the value (1.7« ) obtained from the high-
temperature susceptibility. This relatively large vaue
of w is evidently a consequence of a strong Coulomb
interaction on V3* which tends to destroy the formation
of the molecular orbital singlet state on A, orbitals of the
V-V pair, which was assumed in most previous studies.
The fact that this isindependent of the magnetic or crystal
structure suggests that this should be treated as a high
energy scale parameter in any model.

Summarizing, we have carried out LDA + U calcula-
tions of the electronic structure and exchange constants of
V, 05 in both the monoclinic and corundum structures and
obtained a consistent description of the main properties of
the antiferromagnetic insulating phase and of the paramag-
netic insulating one. In contrast to the previous assump-
tions, in both these phases the electronic configuration is
predominantly a E,E, one; i.e.,, two d-electrons of V3"
occupy the doubly degenerate E, orbitals. In addition the
spins of the two electrons are parallel leading to ahigh spin
S = 1 local moment. Asaresult thereisno orbital order-
ing of the kind which was invoked previously to explain
magnetic properties of V,05 [7,8]. Despite that, we are
able to obtain the correct magnetic structure of V,0;.

The calculated values of the energy gap ~0.6 eV and
the magnitude of the magnetic moment per V ~ 1.7up
also agree with the experiment. The admixture of E,
and A, orbitals with opposite phases on neighboring
planes can explain the superstructure recently observed
by the anomalous x-ray scattering. Having found this
it is also not so surprising anymore that the electronic
structure and especialy the d-band widths and splittings
are strongly dependent on the nearest neighbor spin-spin
correlation functions and that there may be a redistribution
of electrons between the E, and A;, states on going

into the Pl or metallic phase as found in recent electron
spectroscopic studies [11].
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