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Charge and orbital orderings associated with metal-insulator transition in VO3
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Density-functional-theory-based electronic-structure calculations are carried out to elucidate the mechanism
of the metal-insulator transition (MIT) of a Wadsley-phase vanadium oxide V¢O,3. We show that, at the MIT,
the orbitals occupied by electrons are reconstructed in the single trellis layers of the V(1) ions, which occurs
simultaneously with the transfer of electrons from the V(2) to V(3) ions in the double trellis layers, leaving the
V(2) ions nonmagnetic. We discuss that these changes lead to the formation of spin-singlet state associated with
the ordering of the d,, and d, orbitals in the V(1) zigzag chain, together with the formation of the Mott-insulator
state with frustrated spin degrees of freedom in the zigzag ladder of the d,, orbitals of the V(3) ions; possible
antiferromagnetic ordering patterns are predicted for the latter state. Thus, the spin-singlet and antiferromagnetic
states coexist in spatially separated regions at lowest temperatures. The band Jahn-Teller—type instability hidden
in the single trellis layer, which is the orbital ordering instability in the strong correlation limit, is suggested to

cause the MIT.
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I. INTRODUCTION

The elucidation of mechanisms of the metal-insulator
transition (MIT) has long been one of the central issues
in physics of strongly correlated electron systems [1]. A
Wadsley-phase vanadium oxide VO3 is one of such systems
where the mechanism of the MIT is not yet known [2-9].
This oxide material is paramagnetic metallic at high tem-
peratures and undergoes the first-order MIT at 150 K. The
structural distortion occurs at the transition [5,9], which is
associated with a sudden decrease in the uniform magnetic
susceptibility [4,6,8], and by further lowering temperature, the
antiferromagnetic long-range order appears below 55 K [4,6].

The crystal structure of V¢O3 is composed of the two-
dimensional (2D) single and double trellis layers [5,10—12]
(see Fig. 1), where the V ions are in a mixed valence state with
an average valence of V433t (3¢09); j.e., there are formally
V3* (3d°) and V** (3d') ions in a 1 : 2 ratio. It has recently
been established that the structural phase transition, which
is associated with the MIT, occurs from a high-temperature
monoclinic phase (space group C2/m) to a low-temperature
monoclinic phase (space group Pc) [12], whereby earlier
reports [5,11] on the low-temperature crystal structure have
been corrected.

The electric resistivity was reported to show a quasi-
one-dimensional (1D) electron conduction at temperatures
above the MIT and therefore this material was thought
to be a quasi-1D electric conductor [9]. However, recent
experimental data [13] indicate that it has the metallic
temperature dependence in all directions of the crystal axes
above the MIT although it exhibits a rather strong anisotropy
(ps = 0.032, pp, = 0.0023, and p. = 0.47  cm at 300 K).
The electron conduction of this material is thus much more
three dimensional (3D) than previously thought. The MIT
temperature decreases by applying pressure, which is ~100 K
at 1.4 GPa [13]. So far, a number of studies including
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the photoemission spectroscopy [14,15], angle-resolved pho-
toemission spectroscopy (ARPES) [16,17], as well as the
band-structure calculations [18] have been performed, but the
mechanism of the MIT of this material is not yet clear.

In this paper, motivated by such developments in the
field, we carry out the density-functional-theory- (DFT-)
based electronic-structure calculations to clarify the electronic
structure of VO3 and, using the results, we discuss the
mechanisms of the MIT and antiferromagnetic transition of
this material. We will first show for the high-temperature
metallic phase that an electron is located largely on the
d. orbital of V(1) with a substantial admixture of the d,,
orbital and that other two electrons are located largely on the
dy, orbitals of V(3) with a significant contribution from the d,,
orbitals of V(2), where the x, y, and z axes are defined in Fig. 1
and are used throughout the paper. As a consequence, two
nearly degenerate bands coming from the d,, orbitals of V(2)
and V(3) form two pairs of the quasi-1D Fermi surfaces and a
band coming from the d,,, orbital of V(1) form a quasi-2D-like
Fermi surface. Then, for the low-temperature insulating phase,
we will show the following: There appears the band gap of the
size ~0.2 eV [7,17]. Redistribution of electrons occurs at the
MIT, which leads to the formal oxidation states of V4 (3d")
for the V(1) and V(3) ions and V>* (34°) for the V(2) ions.
Consequently, an electron is localized on each of the d,, orbital
of V(la) and d,, orbital of V(1b) in the single trellis layer, and
an electron is localized on each of the d,, orbitals of V(3a) and
V(3b) in the double trellis layer. This system therefore offers
an example of the MIT that occurs with the redistribution
of electrons, which is unique in systems with more than one
structural building block, just as in 5-Nay 33 V,05 [19,20].

We will thereby discuss consequences of the MIT of VO3
as follows: The two electrons on the neighboring V(1) ions in
the single trellis layer, on the one hand, form the spin-singlet
state associated with orbital ordering and suppress the spin
excitations at temperatures below the MIT. The electrons on
the d,, orbitals of the V(3a) and V(3b) ions in the double trellis
layers, on the other hand, undergo a Mott transition to form the
quasi-1D zigzag ladders of § = % spins. The spin degrees of
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FIG. 1. (Color online) Schematic representations of the crystal
structure of the low-temperature phase of V¢O,3 (Ref. [12]). We
show the side view of the single and double trellis lattices in (a), top
view of the single trellis layer in (b), and top view of each of the
double trellis layers in (c) and (d). For the high-temperature phase,
where the structural distortion is absent, V(la) and V(1b) become
equivalent and are replaced by V(1), V(2a) and V(2b) by V(2), and
V(3a) and V(3b) by V(3), and the same is done for the O ions, except
0O(4) where “O(4a)” and “O(4b)” are equivalent. The a and ¢ (¢*) axes
are for the high-temperature phase [10], which are interchanged in
the low-temperature phase [12]. The x, y, and z axes shown are used
for both the high-temperature and low-temperature phases throughout
the paper.

freedom of this zigzag ladder are strongly frustrated resulting
in some experimental consequences, but at temperatures below
55 K, the antiferromagnetic long-range order occurs as the
experimental data indicate [4,6], for which we will predict
three possible ordering patterns. Thus, the spin-singlet and
antiferromagnetic states coexist in spatially separated regions
of the material at lowest temperatures. A possible scenario
for the mechanism of the MIT in the present system will be
suggested.

This paper is organized as follows: In Sec. II, we will
briefly present our method of calculations. In Sec. III, we
will show our results of calculations for both the high- and
low-temperature phases of V¢O;3 and discuss the charge and
orbital orderings, spin degrees of freedom at low temperatures,
as well as the mechanism of the MIT of V¢O;3. Our work will
be summarized in Sec. IV.

II. METHOD OF CALCULATION

We employ the WIEN2K code [21] based on the full-potential
linearized augmented-plane-wave method and present the
calculated results obtained in the generalized gradient ap-
proximation (GGA) for electron correlations. We take into
account the Hubbard-type repulsive interaction (GGA + U)
to improve the description of electron correlations in the V
3d orbitals. Here, we use the rotationally invariant version of
the GGA + U method with the double-counting correction
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in the fully localized limit [22,23]. We choose a standard
value U = 3.5 eV, which reproduces the experimental band
gap in the insulating phase [7,17]. The values U = 3-8 eV
are also tested to see the characters of the bands clearly.
We use the exchange-correlation potential of Ref. [24].
The spin-orbit interaction is not taken into account and the
spin polarization is allowed when necessary. Note that the
vanadium oxide materials are the typical strongly correlated
electron system and it is often rather hard to account for their
MIT in the framework of GGA or local-density-approximation
(LDA) type of calculations, for which the LDA or GGA
combined with the dynamical mean-field theory (DMFT),
i.e., the LDA 4+ DMFT approach [25-29], as well as the
use of modern functionals such as a modified Becke-Johnson
exchange potential [30] have recently been shown to be useful.
However, in this work, we instead adopt the cheapest approach
of GGA + U and consider the calculated results in comparison
with the available experimental data to deduce the essential
physics hidden in the system.

We use the crystal structure and atomic positions measured
by Wilhelmi er al. [10] at 298 K for the high-temperature
metallic phase and those measured by Howing et al. [12] at
95 K for the low-temperature insulating phase. The crystal
structure of the high-temperature metallic phase has the mon-
oclinic symmetry (C2/m space group) with the monoclinic
angle of B = 100.87° and lattice constants of a = 11.922,
b = 3.680, and ¢ = 10.138 A at 298 K [10]. The primitive
unit cell contains 6 V ions and 13 O ions, with 3 inequivalent
V sites and 7 inequivalent O sites (see Fig. 1). The crystal
structure of the low-temperature insulating phase has the
monoclinic symmetry (Pc space group) with the monoclinic
angle of B = 100.927° and lattice constants of a = 10.0605,
b =3.7108, and ¢ = 11.9633 A at95K [12]. The primitive
unit cell contains 12 V ions and 26 O ions, with 6 inequivalent
V sites and 13 inequivalent O sites (see Fig. 1).

In the self-consistent calculations, we use 513 k points
(60 k points) in the irreducible part of the Brillouin zone
for the high-temperature (low-temperature) phase. Muffin-tin
radii (Ryr) of 1.64 and 1.46 bohrs are used for V and O ions,
respectively, and the plane-wave cutoff of K.x = 7.00/ Ryt
is assumed. We use the codes VESTA [31] and XCRYSDEN [32]
for graphical purposes.

III. RESULTS AND DISCUSSION

A. High-temperature metallic phase

First, let us discuss the calculated results for the high-
temperature metallic phase of V¢O;3. Calculated results for
the partial density of states (DOS) indicate that the O 2 p states,
V 3d 1, states, and V 3d e, states are located mainly in the
energy ranges of —7.5 Se < —2.2¢eV, 0.7 S e < 2.1 eV,
and 2.1 <& <54 eV, respectively [see Fig. 2(a)]. There
appears a gap of ~1.5 eV between the O 2p and V 3dz,,
states and the Fermi level is located near the bottom of the
V 3d 1, states. In the f,, manifold, near the Fermi level in
particular, the hybridization with the O 2 p orbitals is seen not
to be very strong.

Calculated results for the band dispersions and Fermi
surfaces are shown in Fig. 3, where we assume the value
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FIG. 2. (Color online) Calculated total and partial DOSs (per
formula unit, f.u.) for (a) the high-temperature paramagnetic metallic
phase and (b) low-temperature antiferromagnetic insulating phase
of V¢Oy3. In (b), the upper and lower panels display the up- and
down-spin DOSs, respectively. The vertical line indicates the Fermi
level. We assume the value U = 3.5 eV.

U = 3.5 eV. We find that there are four bands near the Fermi
level: the lowest band comes mainly from the d,, and d,,
orbitals of V(1) and is located well below the Fermi level, the
second and third bands come mainly from the d,, orbitals of
V(2) and V(3) and cross the Fermi level, and the fourth band
comes mainly from the d,. orbital of V(1) and also crosses
the Fermi level. The middle two bands have two pairs of
the quasi-1D sheet-like Fermi surfaces but the fourth band
is less quasi-1D-like. Note that the highly anisotropic 3D-like
electron conduction observed in the temperature dependence
of the electric resistivity [13] is consistent with the result at
U = 3.5 eV. The unusually large U values, such as U ~ § eV,
are required if the quasi-1D electron conduction [9] is in reality
because, in this case, the fourth band entirely shifts above
the Fermi level and at the same time the two pairs of the
quasi-1D-like bands become more 1D like.

The calculated results for the band dispersions can be
compared with the results of the experimental ARPES spec-
tra [16,17], where two spectral features have been observed,
i.e., aless dispersive spectral weight located ~0.8 eV below the
Fermi level and a dispersive spectral weight crossing the Fermi
level with the Fermi momentum of kgb/m = 0.29 4 0.01 [16].
Our calculated results are roughly consistent with these
experimental data in that there are electron Fermi sheets at the
I" point of the Brillouin zone and there is the less dispersive
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FIG. 3. (Color online) Calculated band dispersions (upper panel)
and Fermi surfaces (lower panel) in the high-temperature metallic
phase of V4O,3. In the band dispersions, the widths of the curves are
drawn in proportion to the weights of the d,. and d, orbitals of the
V(1) ions. The horizontal line indicates the Fermi level. We assume
the value U = 3.5eV.

spectral weight ~0.5 eV below the Fermi level. Quantitatively,
however, the agreement is not satisfactory. At U ~ 3.5 eV,
the fourth band coming from the d,, orbital of the V(1)
ions clearly crosses the Fermi level, so that there are three
bands that cross the Fermi level. In this case, we may suppose
that the experimental spectral weight comes from these three
bands with nearly the same Fermi momenta around ~0.37 /b
that could not be resolved in the experimental accuracy. Our
calculated results are consistent with the ARPES experiment
in this sense. If we assume U = 8 eV, there are only two bands
that cross the Fermi level. In this case, the experimental Fermi
momentum is too small to be consistent with the numbers of
electrons in the system: i.e., the Fermi momentum should be
at ~0.57 /b, rather than the ARPES data of ~0.297 /b [16].
Further experimental studies for resolving these puzzles, in
particular for the detection of the four bands near the Fermi
level and quasi-2D-like Fermi surfaces predicted here, are
highly desirable.

The distribution of the 3d electrons among the three V ions
is calculated and the numbers of electrons inside the muffin-tin
spheres obtained at U = 3.5 eV are listed in Table I; the results
do not depend strongly on the U values used. Although the
calculated results do not well correspond to the experimental
valence states by definition, we find that the tendencies are
reasonably consistent with experimental assignment of the
formal valence states [6,8—10,33] that the V(2) ions are more
5+ like and the V(1) and V(3) ions are more 4+ like although
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TABLEI. Calculated numbers of V 3d t,, electrons in the muffin-
tin spheres for the high-temperature metallic phase of V¢O,3. The e,
contributions are negligibly small. U = 3.5 eV is assumed.

34 3d,, 3d,. 3d,,
V(1) 0.608 0.002 0.227 0.378
V(2) 0.268 0.108 0.085 0.063
V(3) 0.415 0.268 0.077 0.058

they are not complete. The bond valence sums given in Table IT
calculated using the experimental bond lengths [10] also show
the same tendency. The orbital occupations of electrons in the
V ions are calculated and are also given in Table I. We find that
the occupied orbitals are predominantly d,, like with a strong
admixture of d,, for V(1) and that they are predominantly d,,
like for V(2) and V(3). These results are not very sensitive
to the U values used and are consistent with results of the
recent NMR experiment [33]. These 1,, orbitals of the V ions
are hybridized weakly with the respective 2p orbitals of the
O ions near the Fermi level, which are 2p, like for O(1) and
2p, like for O(3).

B. Low-temperature insulating phase

Next, let us discuss the low-temperature insulating phase.
Since the band-structure calculations based on the GGA + U
and similar types of approximations cannot reproduce the
paramagnetic Mott insulating phase without symmetry break-
ing, we assume possible antiferromagnetic orderings in the
calculation and consider the results to find a real electronic
state of the system. In V4O 3, the antiferromagnetic long-range
order is confirmed in experiment below 55 K but its spatial
pattern is not experimentally known [4,6]. Here, we extend
the unit cell twice as large as the unit cell of the observed
low-temperature crystal structure [12] along the b axis and
search for insulating solutions with any antiferromagnetic
ordering consistent with available experimental data.

We then find three low-energy solutions, all of which have
nearly the same spatial pattern of the charge and orbital states,
but have different spatial patterns of the antiferromagnetic
spin polarization. The total energies of these solutions are
—6674.38765, —6674.38752, and —6674.38743 Ryd/f.u.. The
presence of the states with nearly degenerate total energies
suggests the frustrated nature in the spin degrees of freedom
of the system, which may play an important role in the
insulating phase of this material. This aspect will be discussed
in Sec. IIIC. We here discuss the charge and orbital states;

TABLE II. Calculated bond valence sums of the V ions in
the high-temperature metallic (upper table) and low-temperature
insulating (lower table) phases of V¢O;3, where the experimental
bond lengths [10,12] are used.

V(1) V(2) V(@3)

437 4.65 4.14
V(la) V(1b) V(2a) V(2b) V(3a) V(3b)
433 424 4.61 4.69 427 420
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only the lowest-energy solution is discussed because the three
low-energy solutions have nearly equivalent charge and orbital
states.

The calculated results for the total and partial DOS of the
lowest-energy solution are shown in Fig. 2(b) and their orbital
decompositions are shown in Fig. 4. We first find that the
band gap of the size ~0.3 eV opens at U = 3.5 eV, which is
consistent with experiment [16]. We also find that the lowest
part of the #,, bands is split off to form the narrow bands
just below the Fermi level; three characteristic peaks appear
in the DOS [see Fig. 2(b)]. As shown in Fig. 4, the lower and
upper peaks come mainly from the dﬁz orbital of V(1a) and dyiz
orbital of V(1b), the splitting of which is due to the bonding-
antibonding splitting of the neighboring d., and d,. orbitals
of the V(la) and V(1b) ions with the same spin directions.
The middle peak comes mainly from the dfy orbital of V(3a)

and dgy orbital of V(3b). Here, we use the notion d° with
o =1 and |, indicating the up- and down-spin d orbitals,
respectively.

The numbers of electrons on each orbital inside the muffin-
tin sphere are listed in Table III, where we find that the values
are consistent with the results of the partial DOS discussed
above, i.e., the numbers of electrons on the d J orbital of V(1a),
dylZ orbital of V(1b), as well as on the d,fy orbital of V(3a) and
d XT\ of V(3b) are significantly large. Small numbers of electrons

in the d}, orbital of V(2a) and d/, orbital of V(2b) are also
noticed. We also calculate the spatial distribution of electrons
in the energy window of —1.5 < ¢ < Ep (Fermi level); the
result is shown in Fig. 5, where the charge and orbital ordering
pattern of the #,, electrons discussed above is clearly visible.
A significant contribution from the 2 p, orbital of O(1a) is also
noticed.

Based on these calculated results, we can describe the
charge and orbital states in the low-temperature insulating
phase as follows, whereby the charge redistribution and orbital
reconstruction that occur with the MIT are clarified:

(1) The V(2a) and V(2b) ions are essentially in the formal
valence state of 5+ (or 3d° state) though a small d,,
contribution can be identified, indicating that a considerable
charge flow (or redistribution of electrons) occurs at the MIT
temperature. This means that the V(la), V(1b), V(3a), and
V(3b) ions are essentially in the formal valence state of 4+
(or 3d") below the MIT, in agreement with the experimental
assignment [6,8—-10,33], as well as with the bond valence
sums given in Table II calculated using the experimental bond
lengths [12]. This phenomenon may be referred to as a charge
ordering. Note that the charge flow between the structural
building blocks adds complexity to the mechanism of the MIT,
just as in 8-Nag 33V,05 [19,20].

(i1) A single 3d orbital is predominantly occupied by an
electron in the V(1a), V(1b), V(3a),and V(3b) ions:i.e., the d,,
orbital in V(1a), d,, orbital in V(1b), and d,, orbital in V(3a)
and V(3b). Note that the occupation of the d,; and d, orbitals
of V(1) in the high-temperature metallic phase changes into the
occupation of the d,, orbital of V(1a) and d,, orbital of V(1b)
in the low-temperature insulating phase, the phenomenon of
which may be referred to as an orbital ordering. We hope that
our results thus obtained will be helpful for interpreting the
results of a recent NMR experiment [33]. We point out here
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FIG. 4. (Color online) Calculated orbital-decomposed partial DOS in the low-temperature antiferromagnetic insulating phase of V¢Oi3.
(a) V(1a), (b) V(1b), (c) V(2a), (d) V(2b), (e) V(3a), and (f) V(3b), in each of which the upper and lower panels display the up- and down-spin
DOSs, respectively. The vertical line indicates the Fermi level. U = 3.5 eV is assumed.

that the present result is in contrast to the orbital occupation of a
single-trellis-lattice compound «’-NaV, 05 [34-37], where the
d,, orbitals of V ions on each rung of the ladder are occupied
by one electron per rung; the crystal field in the pyramidal
coordination of ligand oxygens causes the difference.

Note that, since the d,; and d, orbitals of the V(1) ions are
not exactly degenerate in the high-temperature metallic phase,
the Jahn-Teller—type mechanism for the orbital ordering and
lattice distortion cannot simply be applicable. We will suggest
a possible scenario for the mechanism of the MIT of this
material in Sec. III D.

C. Spin degrees of freedom

Now, let us discuss the spin degrees of freedom in the
low-temperature insulating phase of V¢O)3. First, we consider
the spin state of the V(1) ions. Based on the results of our
GGA + U calculations, we may assume that an electron is
localized on each V(1) ion, thereby forming a spin S = %
zigzag chain of the localized electrons on the d,; orbital
of V(la) and d,, orbital of V(1b) in the low-temperature
insulating phase [see Fig. 5(a)]. Then, the experimental
structural data [12] indicate that the zigzag chain composed of
the V(la) and V(1b) ions shows a strong bond alternation
below the MIT temperature: the bond length between the
neighboring V(la) and V(1b) ions is 3.047 A in the high-
temperature metallic phase, whereas in the low-temperature
insulating phase, a shorter bond with length 2.984 A and a
longer bond with length 3.162 A alternate [see Fig. 1(b)].
Thus, we may anticipate that the spin-singlet state, rather than
the antiferromagnetic ordering obtained in our GGA + U
calculation, is actually formed between the S = % spins on the
dy; and d, orbitals of the neighboring V(1a) and V(1b) ions,

as is illustrated in Fig. 6(a). Also, the coupling between the
two zigzag chains of the V(1) ions is small because the d,,
orbital of V(la) and d,, orbital of V(1b) in the neighboring
zigzag chains are orthogonal to each other [see Fig. 5(a)].

The spin-singlet formation thus obtained leads to sup-
pression of the low-energy spin excitations and is therefore
consistent with the observed sudden decrease in the uniform
magnetic susceptibility at the MIT [4,6,9]. The exchange
coupling between the two V(1) ions may be caused not
only by the second-order process of the direct hopping of
electrons between the d,, and d,, orbitals, but also by the
fourth-order process via the p, orbital of the O(1a) ions, as we
notice a significant p, contribution in Fig. 5(a). Note that the
spin-singlet formation in the spin—% chain of the V(1) ions may
contribute to the gain in energy via the bond alternation of the
chain, as in the spin-Peierls mechanism. In the present case,
however, this may work cooperatively with the localization
of electrons caused by the electronic instability hidden in the
single trellis layer, as we will discuss in Sec. III D.

TABLE III. Calculated numbers of V 3d t,, electrons with
spin ¢ (= 7,}) in the muffin-tin spheres for the low-temperature
antiferromagnetic insulating phase of VO,3. The e, contributions
are negligibly small. U = 3.5 eV is assumed.

3d 3dl, 3dl, 3dl. 3d. 3dl, 3d,

V(la) 0.499 0.000 0.000 0.029 0.002 0461 0.007
V(lb) 0.546 0.000 0.000 0.021 0.489 0.028 0.008
V(2a) 0.138 0.001 0.094 0.008 0.006 0.023 0.006
V(2b) 0.140 0.097 0.001 0.007 0.007 0.006 0.022
V(@a) 0540 0.001 0484 0.003 0.001 0.009 0.042
V(3b) 0562 0505 0.001 0.001 0.003 0.044 0.008
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FIG. 5. (Color online) Calculated spatial distribution of electrons in the energy window between —1.5 eV and Er = 0 eV for the lowest-
energy solution in the low-temperature insulating phase of VO3, where an isovalue of 0.012 electrons/bohrs® is used and U = 3.5 eV is
assumed. The orbitals occupied by electrons are clearly visible. The color distinguishes the electron spins. The distribution is (a) viewed down
the ¢* axis (for the single trellis layer), (b) viewed down the a axis, (c) viewed down the b axis, and (d) viewed from the rotated angle. The
squares in (b) and (c) mark the zigzag ladder emerging in the double trellis layer.

Next, we consider the spin state of the V(3) ions. Because
we may assume that the electrons on the V(1) ions form the
spin-singlet state and the V(2) ions are nonmagnetic (or in the
3d° state) as discussed above, a pair of the V(3) chains running
along the b axis, which is a zigzag ladder of the d,, orbitals
of the V(3a) and V(3b) ions, emerges as a spatially isolated
structural block. This is actually evident in the calculated
electron density distribution shown in Fig. 5(b); the localized

'a V(la) d

A V3D VED)

FIG. 6. (Color online) Schematic representations of the spins on
(a) the zigzag ladder of the V(la) and V(lb) ions in the single
trellis layer and (b) the zigzag ladder of the V(3a) and V(3b) ions
in the double trellis layer. In (a), the spin-singlet state is marked
by a large ellipse. In (b), three possible ordering patterns of spins
are illustrated by arrows. Only the relative orientation of spins is
meaningful here because the magnetic anisotropy is not taken into
account in the calculations although experimentally the direction of
antiferromagnetic spin is parallel to the b axis [6].

electrons on the d,, orbitals of the V(3a) and V(3b) ions form
the 1D spin—% zigzag ladder running along the b direction of
the crystal axis.

To consider the spin state of this zigzag ladder, we
can estimate the exchange coupling constants between the
neighboring V(3) ions using the total energies of various
antiferromagnetic solutions in principle. We in fact find from
the total energies of the three antiferromagnetic solutions that
although the results are not quantitatively reliable, they are
all antiferromagnetic with comparable strength, suggesting
the presence of spin frustration. Note that the temperature
dependence of the uniform magnetic susceptibility measured
in the low-temperature phase above the antiferromagnetic or-
dering temperature [9] is consistent with the theoretical results
calculated for the frustrated zigzag Heisenberg ladder [38].
Note also that, unlike in the V(1) zigzag chain, the bond
alternation along this zigzag chain is negligibly small, i.e.,
the measured bond lengths are 3.239 and 3.240 A (which
may be compared with the bond length 3.711 A along the
legs of this zigzag ladder) [12]. Therefore, the spin degrees
of freedom of this zigzag ladder are strongly frustrated, so
that the antiferromagnetic ordering is significantly suppressed.
This situation is illustrated in Fig. 6(b).

We should point out here that the ground state of the pure
1D zigzag Heisenberg (or Hubbard) ladder has been under
intense theoretical debate [39], suggesting the presence of
incommensurate spiral spin correlations [40], but in the present
case, there is a weak 3D (or quasi-2D) exchange coupling
between the zigzag ladders in the 3D crystal structure, and
therefore, any antiferromagnetic long-range order may be
realized at the lowest temperatures, depending on the strength
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of the exchange interactions. In our GGA + U calculation,
where only the collinear spin states are taken into account, the
lowest-energy antiferromagnetic pattern is found to be the one
shown in Fig. 5. Note that if there were no spin frustrations
in this system, the antiferromagnetic phase transition would
occur simultaneously with the MIT. In this respect, the
experimental determination of the antiferromagnetic ordering
patternin V¢O,3 at the lowest temperatures using, e.g., the neu-
tron scattering experiment, are highly desirable. The observa-
tion of the low-energy spin excitations in the frustrated zigzag
ladders above the antiferromagnetic transition temperature,
which may detect the incommensurate spiral spin correlations,
should also be an interesting issue in the present system.

D. Possible mechanism of the MIT

Finally, let us consider the mechanism of the MIT of
this material. The band-gap opening, lattice distortion, charge

3 3
.00 0.0 N
8 5
E dyr E doubly
M_1.0L 1 m_1.0t degenerate

-2.0¢ 1 2.0t 1

Pz
D
3.0} \\KZ ] 3.0 ]
Ky r K> K> r Ky

FIG. 7. (Color online) (a) Schematic representations of the or-
bitals near the Fermi level in the single trellis layer. A large square
indicates the unit cell. (b) The tight-binding band dispersions of the
isolated single trellis layer in the high-temperature metallic phase.
The values of the onsite energies and hopping parameters used are
g, =-24,6=00,14,=10,1=11,1=17, and t; =0.2 in
units of eV. The horizontal line indicates the Fermi level. (c) The
tight-binding band dispersions of the isolated zigzag ladder of the
single trellis layer in the high-temperature metallic phase, which are
obtained by setting 7. = 0. The three bands shown are all doubly
degenerate because the zigzag chain indicated by the shaded orbitals
in (a) is equivalent to the zigzag chain indicated by the unshaded
orbitals.
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ordering, orbital ordering, and spin-singlet formation, all of
which occur simultaneously at the MIT temperature, have to
be explained on the basis of the calculated results shown above
with the help of available experimental data. The antiferro-
magnetic ordering that occurs at the lower temperature also
has to be explained consistently. Although rather speculative,
we may suggest the following scenario.

We first consider the band structure of the single trellis layer
in the high-temperature metallic phase, where the relevant
orbitals near the Fermi level are illustrated in Fig. 7(a).
We then determine the tight-binding band parameters to
reproduce approximately the GGA + U band dispersions
coming from the single trellis layer given in Fig. 3. The
resultant tight-binding band dispersions are shown in Fig. 7(b),
which reproduce the original band dispersions reasonably well.
There are four d and two p bands because the unit cell
contains four d and two p orbitals as shown in Fig. 7(a).
The lowest-energy d band is filled with two electrons (per unit
cell); a slight shift of the Fermi level caused by the charge flow
is assumed in the following discussions. We thus confirm that
no noticeable instabilities that may cause the MIT are present
in the band dispersions of the single trellis layer.

Let us then hypothetically cut the hopping parameter that
connects between the zigzag ladders in the single trellis layer,
i.e., set f. = 0. The band dispersions in the resultant isolated
zigzag ladder thus obtained are shown in Fig. 7(c). We find
that there appear doubly degenerate bands that cross the
Fermi level; the degeneracy appears because the zigzag chain
consisting of the shaded d,, and d,, orbitals in Fig. 7(a) is
equivalent to the zigzag chain consisting of the unshaded d,,
and d,; orbitals, and these two zigzag chains are orthogonal to
each other in the single zigzag ladder, even in the presence
of the p, orbitals of O ions. This degeneracy, which is
inherent in the single zigzag ladder, therefore leads to the
band Jahn-Teller—type instability of the system. Assume here
that the lattice distortion creating the level splitting between
the d,,; and d,, orbitals of the V ions is introduced and that
the effect is strong enough, then the degeneracy is lifted to
split the bands into two, such that the lower band is filled with
two electrons. This is the orbital-ordered state, which can be
semiconducting in the noninteracting limit. This system can,
however, be Mott insulating if the onsite Coulomb interaction
is strong enough. Thus, the orbital ordering of the localized
electrons is realized with the help of the lattice distortion.
The resultant system is the so-called A chain [41] of § = %
spins [see the shaded orbitals shown in Fig. 7(a)], where the
bond alternation along the zigzag chain may also occur, as
in the real material, due to the spin-singlet formation by the
spin-Peierls—like mechanism. The spatial pattern of this orbital
ordering is the one shown in Fig. 5(a), where we note that
the two orbitals connecting the two zigzag ladders are indeed
orthogonal to each other, even in the presence of the p, orbital
of O(4), which in turn cuts the hopping parameters between the
two zigzag ladders. We may therefore state that the MIT of this
material is due to the band Jahn-Teller—type instability hidden
in the zigzag ladder of the single trellis layer, which leads to
the orbital ordering associated with the lattice distortion.

Alternatively, we may begin with the limit of strong
electron correlations. Suppose that the (nearly) degenerate
dy; and d,; orbitals are present on the V ions in the
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limit of vanishing hopping parameters, then the fourth-order
perturbation processes of hopping of an electron via the
p. orbital of the O ions, i.e., f, and #,, yield the gain in
kinetic energy, resulting in the antiferromagnetic exchange
interactions between two electrons on the d,; and d, orbitals
of the neighboring V(1) ions. A simple counting of the numbers
of the hopping processes then indicates that the orbital ordering
pattern shown in Fig. 7(a) acquires the largest energy gain.
This is also the case when we consider the largest direct
dy.-d,; hopping processes via #;. The spatial pattern of the
orbital ordering thus obtained is again the one shown in
Fig. 5(a). Note that the exchange interaction between the
two zigzag ladders via ¢, is ferromagnetic if we take into
account the Hund’s rule coupling between two electrons on
the dy, and d,, orbitals of the V(1) ions, which however
does not affect the obtained orbital-ordering pattern in the
single trellis layer. The lattice may be deformed as in the
real material by the spin-Peierls—like mechanism. We may
therefore state that, in the strong correlation limit, the MIT of
this material is due to the orbital ordering instability hidden
in the single trellis layer. The double trellis layer on the other
hand becomes Mott insulating due to the charge flow, as we
have already discussed in Secs. IIIB and IIIC. We hope that
any experimental confirmation of the orbital ordering pattern
predicted here would justify the validity of the present scenario
for the MIT of this material.

IV. SUMMARY

We have carried out the DFT-based electronic-structure
calculations of a Wadsley-phase vanadium oxide V¢Oi3
and have clarified its electronic structure of both the high-
temperature metallic and low-temperature insulating phases.
We have thereby considered the mechanism of the observed
MIT and antiferromagnetic transition.

We have shown the following: In the high-temperature
metallic phase, an electron is located largely on the d,, orbital
of V(1) with a substantial admixture of the d,. orbital, and
other two electrons are located largely on the d,, orbitals of
V(3) with a significant contribution from the d,, orbital of
V(2). Two sets of the quasi-1D Fermi surfaces are formed by
the two nearly degenerate bands coming from the d,, orbitals
of V(2) and V(3), and the quasi-2D-like Fermi surface is
formed by the band coming from the d,. orbital of V(1).
Further experimental studies determining the band structure
near the Fermi level, such as the ARPES experiment with
high resolution, are desirable to confirm the validity of our
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theoretical predictions for the high-temperature metallic phase
of V60 13-

In the low-temperature insulating phase, there appears the
band gap, the size of which is consistent with the experimental
value for an appropriate choice of the U value. We find that
the redistribution of electrons occurs at the MIT, which leads
to the oxidation states of V4t (3d!) for the V(1) and V(3) ions
and V>* (34°) for the V(2) ions. More precisely, an electron is
localized on each of the d,, orbital of V(1a) and d,, orbital of
V(1b) in the single trellis layer, and an electron is localized on
each of the d,, orbitals of V(3a) and V(3b) in the double trellis
layer. The orbital and charge orderings associated with the MIT
thus occur in the low-temperature insulating phase of V¢Oj3.

We have then discussed that, in consequence of these charge
and orbital orderings, the two electrons on the neighboring
V(la) and V(1b) ions in the single trellis layer form the spin-
singlet state, and therefore the spin excitations are suppressed
at temperatures below the MIT in agreement with experiment.
The electrons on the dy, orbitals of the V(3a) and V(3b) ions
in the double trellis layers, on the other hand, undergo the Mott
transition to form the quasi-1D zigzag ladders of S = % spins
with strong frustration, and may be responsible for the antifer-
romagnetic long-range order observed below 55 K. Thus, the
spin-singlet and antiferromagnetic states coexist in spatially
separated regions of this material at lowest temperatures.

We have suggested a possible scenario that the MIT of this
system is caused by the band Jahn-Teller—type instability, or
the orbital ordering instability in the strong correlation limit,
which is hidden in the zigzag ladder of the V(1) ions in the
single trellis layer. Further experimental studies, including the
confirmation of the predicted orbital ordering pattern as well
as the determination of the antiferromagnetic spin structure
and excitations, are desirable for drawing definite conclusions
on the mechanism of the MIT and low-temperature electronic
states of VgOi3.
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