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Incorporating static intersite correlation effects in vanadium dioxide through DFT+V
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Materials Theory, Department of Materials, ETH Zürich, Wolfgang-Pauli-Strasse 27, 8093 Zürich, Switzerland

(Received 28 June 2024; accepted 30 October 2024; published 20 November 2024)

We analyze the effects on the structural and electronic properties of vanadium dioxide (VO2) due to adding an
empirical interatomic potential within the density-functional theory + V (DFT + V ) framework. We use the
DFT + V machinery founded on the extended Hubbard model to apply an empirical self-energy correction
between nearest-neighbor vanadium atoms in both rutile and monoclinic phases, and for a set of structures
interpolating between these two cases. We observe that imposing an explicit intersite interaction V along the
vanadium–vanadium chains enhances the characteristic bonding-antibonding splitting of the relevant bands in
the monoclinic phase, thus favoring electronic dimerization and the formation of a bandgap. We then explore the
effect of V on the structural properties and the relative energies of the two phases, finding an insulating global
energy minimum for the monoclinic phase, consistent with experimental observations. With increasing V , this
minimum becomes deeper relative to the rutile structure, and the transition from the metallic to the insulating
state becomes sharper. We also analyze the effect of applying the +V correction either to all or only to selected
vanadium–vanadium pairs and both in the monoclinic as well as the metallic rutile phase. Our results suggest
that DFT + V can indeed serve as a computationally inexpensive unbiased way of modeling VO2 which is well
suited for studies that, e.g., require large system sizes.

DOI: 10.1103/PhysRevResearch.6.043177

I. INTRODUCTION

Vanadium dioxide (VO2) is a prototypical material ex-
hibiting a metal-insulator transition (MIT) coupled with a
structural transition. Its first-order MIT is accompanied by
a structural distortion between the high-symmetry, high-
temperature metallic rutile (R) phase and a low-symmetry,
low-temperature insulating monoclinic (M1) phase [1]. The
M1 phase is characterized by the formation of zigzagging
dimers along chains of vanadium atoms parallel to the c
direction (see Fig. 1), which leads to a doubling of the unit
cell reminiscent of a Peierls distortion. Since the V4+ cations
in VO2 are formally occupied by a single electron in the
rather localized d orbitals, the insulating M1 phase of VO2 has
been widely described as arising from an interplay between
Mott-Hubbard and Peierls-like physics.

Already in the 1970s, Goodenough [2] postulated that the
gap formation in the M1 insulating phase can be explained
by a bonding-antibonding splitting of the lowest-lying a1g

orbital of the vanadium t2g manifold, with lobes pointing
towards the nearest-neighbor vanadium atoms along c, and the
increase in energy of the other two t2g orbitals (often labeled
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eπ
g ).1 While there is general agreement on this overall picture,

the role of electronic correlations in VO2 has been debated for
decades [3–5], with both experimental [6,7] and theoretical
[8–12] studies emphasizing the importance of Mott-Hubbard
electronic correlation effects in VO2.

Previous density-functional theory (DFT) works have
faced considerable difficulties in simulating VO2, with stan-
dard exchange-correlation functionals unable to open the gap
in the insulating M1 phase [1,4] and giving incorrect energetic
ordering of its main phases [13,14]. Even the computationally
heavier hybrid functionals [15–21] yield incorrect magnetic
orders and energy ordering of the different VO2 phases, al-
though this can be partially alleviated by varying the amount
of Fock exchange [20,22–24]. Recently, meta-GGA function-
als such as SCAN have also been employed to study VO2;
these give improved lattice parameters [21,25] but lead to
unphysical formation of local moments in the dimerized M1
phase [26].

On the other hand, a considerable amount of work has
been done on VO2 using correlated methods such as (cluster)
dynamical mean-field theory (DMFT). These methods can
capture well the insulating M1 phase [10,27,28] but struggle
conceptually with treating the two phases on the same footing.
While a two-site cluster approach needs to be used for the M1

1We acknowledge that these are strictly not the correct symmetry
labels for the vanadium states in both the R and M1 phases. All
three “t2g” levels are split and hence the two “eπ

g ” levels are not
degenerate in energy. However, we choose to continue the standard
nomenclature as used in other references in the field.
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FIG. 1. (a) The R structure of VO2 depicted in the M1 unit cell,
indicating the orientation of the R lattice vectors. The primitive unit
cell of the R structure is also indicated by the black dashed lines. Two
vanadium–vanadium bonds of equal length are shown in turquoise.
(b) M1 structure of VO2 with the vanadium–vanadium short bond
(SB) and long bond (LB) shown in yellow and purple, respectively.
Vanadium (oxygen) atoms shown in light (dark) gray.

phase, the R phase is typically treated with standard single-
site DMFT to not incorporate a possible bias by grouping
specific pairs of vanadium atoms into fixed clusters. This
distinct treatment for the R and M1 phases makes it difficult
to systematically vary the degree of dimerization between
the two phases or to treat dopants and substitutional atoms.
Additionally, the high complexity and computational cost of
the cluster DMFT method restricts the maximum system size
that can be afforded. However, such studies would be highly
desirable in view of the many proposed advanced technolog-
ical devices that exploit the possibility of tuning the MIT in
VO2 via doping, strain, or heterostructuring, for example in
the fields of neuromimetic circuits [29–31], electrical switches
[32,33], or smart windows [34].

In this work, we address these two deficiencies by drawing
particularly on previous studies that emphasized the impor-
tance of intradimer effects in VO2. In Biermann et al. [27],
the authors performed the first DFT + cluster DMFT study
on VO2, demonstrating the importance of the intradimer self-
energy. Follow-up works [35–37] then found that modeling
the almost frequency-independent interatomic self-energy as
static yields results that are comparable to full cluster DMFT
calculations. Drawing on these previous works, Belozerov
et al. [38] performed so-called DFT + V + single-site DMFT
calculations on VO2, using an empirically chosen interatomic
potential V to enhance the bonding-antibonding splitting of
the a1g orbitals in the M1 phase. This was then combined with
single-site DMFT to treat on-site correlations. Recently, the
static interatomic self-energy approach has also been used in
conjunction with single-site DMFT applied to the eπ

g orbitals
in hydrogen-doped VO2 [39]. Finally, He and Millis [40]
studied nonequilibrium excitations in VO2 to describe the
photoinduced MIT also employing an empirical interatomic V
term. The authors used DFT + U + V [41] to account for both

on-site and interatomic interactions, and were able to describe
the experimentally reported photoinduced metallic M1 phase.

Here, we build on this previous research and apply DFT +
V as an effective interatomic self-energy correction between
all neighboring vanadium atoms along c and not only be-
tween dimerized pairs. This results in a “bias-free” description
without prepatterning of specific vanadium pairs. In addition
to applying this method to the dimerized M1 phase as was
done in similar previous works [36], we also apply it to the
nondimerized R phase, thereby treating both phases on an
equal footing. This allows us to study the evolution of the MIT
with increasing structural distortion between the main VO2

phases in a simple and bias-free way with low computational
cost.

We follow the DFT + U + V approach outlined by Campo
and Coccocioni [41] applying the interatomic potential V �= 0
between all neighboring vanadium atoms along c. We set
U = 0, motivated by previous works showing shortcomings
of the DFT + U method for VO2 [21,26,42]. We study the
effect of V on structural properties, crucially showing that
both structural dimerization and the addition of a V favor
larger bonding antibonding splitting of the bands. An impor-
tant finding is that, in contrast with conventional DFT, the
DFT + V approach correctly obtains a sizable insulating gap
in the M1 phase as well as the correct energetic ordering
between the M1 and R phases. To better understand the effects
of V on the electronic structure, we also compare our results
to a simple one-dimensional tight-binding model.

Thus, our results provide insights into the effects of inter-
atomic electron correlations in VO2 that are complementary to
those of previous works, as well as demonstrating the utility
of a convenient, established method, DFT + V , for describing
complex correlated systems with a good compromise between
accuracy and computational efficiency.

II. METHODOLOGY

A. DFT + V in the context of this work

We first elaborate on the use of DFT + V within the scope
of this work. In the DFT(+U ) + V approach, the standard
DFT functional is supplemented by terms based on the ex-
tended Hubbard model [43]:

Ĥ =
∑

〈i j〉σ
ti j (ĉ

†
iσ ĉ jσ + H.c.)+

∑

i

Uin̂i↑n̂i↓+
∑

〈i j〉σσ ′
Vi j n̂iσ n̂ jσ ′ ,

(1)

where i and j refer to the atomic sites with creation (an-
nihilation) operators ĉ†

iσ (ĉiσ ) for spin σ , n̂iσ is the number
operator for electrons on site i with spin σ , ti j is the hopping
amplitude between sites i and j, and Ui and Vi j are the on-site
and interatomic Coulomb interactions, respectively.

The DFT + V approach corresponds to the use of a mean-
field approximation for the interatomic interaction in the last
term of the Hamiltonian of Eq. (1) (see, e.g., Ref. [38]):

n̂iσ n̂ jσ ′ = ĉ†
iσ ĉiσ ĉ†

jσ ′ ĉ jσ ′ → ĉ†
iσ ĉiσ 〈ĉ†

jσ ′ ĉ jσ ′ 〉
+ ĉ†

jσ ′ ĉ jσ ′ 〈ĉ†
iσ ĉiσ 〉 − ĉ†

jσ ′ ĉiσ 〈ĉ†
iσ ĉ jσ ′ 〉

− ĉ†
iσ ĉ jσ ′ 〈ĉ†

jσ ′ ĉiσ 〉. (2)
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With this, the interatomic interaction term can be written as
∑

〈i j〉σσ ′
Vi j ĉ

†
iσ ĉiσ 〈ĉ†

jσ ′ ĉ jσ ′ 〉 −
∑

〈i j〉σ
Vi j ĉ

†
iσ ĉ jσ 〈c†

jσ ciσ 〉. (3)

The first term in Eq. (3) represents the normal intersite Hartree
interaction, which in the framework of the DFT + V method
is accounted for through the standard DFT energy functional.
The second term in Eq. (3) represents an intersite exchange
interaction. Within DFT + V , a term of this form is explicitly
added to the Kohn-Sham potential to account for intersite
effects that are not well described by standard DFT func-
tionals [41]. One can see that this term leads to an effective
renormalization of the intersite hopping according to

t̃σ
i j = ti j − Vi jn

σ
ji, (4)

where the additional contribution is given by the interaction
strength Vi j weighted by the interatomic occupation nσ

ji =
〈ĉ†

jσ ĉiσ 〉. We note that in Eq. (3) we have assumed that the
intersite occupation matrix is spin-diagonal, which is certainly
true for all systems without noncollinear magnetic order or
spin-orbit coupling. In the following, we do not consider any
spin polarization and denote the intersite occupation as n×—
“cross” to denote the cross term of the occupation matrix.

Consistent with the crystal structure of VO2 and guided
by previous works demonstrating the importance of the corre-
sponding intersite effects [35–38,40], we apply Vi j �= 0 solely
between neighboring vanadium sites along the c axis, while
treating all other neighbors only at the plain DFT level. In
fact, we show later that, since the added V term only has an
influence when the interatomic occupation in Eq. (4) is large,
its effect is expected to be negligible for pairs of interchain
vanadium ions.

Throughout this work, we treat the intersite interaction V as
an adjustable parameter, which we apply either to all or to only
selected neighboring vanadium–vanadium pairs along the c
direction, thereby modifying the respective effective hopping
amplitudes. In particular, we analyze how the application of V
affects the nondimerized rutile phase, and, for the dimerized
M1 phase, we compare the effect of applying the interatomic
term on all vanadium–vanadium neighbor pairs along c with
the cases where we consider a V only for the short bond (SB)
or long bond (LB) pairs, respectively (cf. Fig. 1). In this way,
we systematically monitor the effects of varying the size and
also the sign of V on the different phases of VO2, i.e., both in
the dimerized M1 and nondimerized R structures, as well as
for structures obtained by interpolating between these two.

We point out that, in line with previous studies [35–38,40],
the parameter V in this work should be viewed as an effective
interatomic self-energy correction, representing interatomic
correlations that ultimately result from local interactions, and
not as an actual interatomic Coulomb interaction. In fact,
we estimated the strength of the nearest-neighbor vanadium–
vanadium Coulomb interaction using the linear response
approach based on density functional perturbation theory
[44,45] and obtained only a negligible interatomic interac-
tion of ≈0.01 eV. In contrast, the static component of the
interatomic self-energy used in earlier works corresponds to
V = 2 eV [38] or V = 1 eV [39,40], similar to the values we
use in our work.

To interpret our DFT + V results, we also relate them to
a simple one-dimensional tight-binding model, corresponding
to the vanadium a1g orbitals along the nearest-neighbor chains
along c, with renormalized hopping amplitudes according to
Eq. (4). Due to the different vanadium–vanadium distances
in the M1 phase—short bond (SB) and long bond (LB)—we
consider two distinct hopping amplitudes tSB and tLB, two
distinct interatomic occupations nSB

× and nLB
× , and two distinct

interactions V SB and V LB for the short and long bonds, respec-
tively. This can be expressed as

Ĥ =
∑

�

(t̃ SBĉ†
1,� ĉ

↔
2,� + t̃ LBĉ†

1,�+1 ĉ
↔

2,� + H.c.). (5)

with ĉi,� referring to vanadium atom i ∈ {1, 2} in unit cell �

of the M1 structure and ĉi,�+1 to the atoms in its neighboring
unit cell along c. We note that, generally, the intersite occu-
pations nSB

× and nLB
× depend on V SB and V LB, respectively,

and, in principle, have to be determined self-consistently. If
the resultant t̃ SB �= t̃ LB, a bandgap opens at the Brillouin zone
boundary. The width of this bandgap, �, and the bandwidth,
w, of the resulting upper or lower band are given by

� = 2|t̃ SB − t̃ LB|, (6)

w = |t̃ SB + t̃ LB| − |t̃ SB − t̃ LB|. (7)

B. Density-functional theory calculation details

For most of the calculations throughout this work, we use
the unit cell of the lower-symmetry M1 structure (shown in
Fig. 1). This can be viewed as a supercell of the R struc-
ture, doubled along the c lattice vector and described using
non-orthogonal monoclinic lattice vectors [Fig. 1(a)]. For the
structural distortion described in Sec. III C, we use the exper-
imental lattice parameters of the R phase [46] also to treat
the M1 phase within this cell, thereby neglecting both the
monoclinic strain as well as the expansion of the c lattice
parameter (and any other volume-related changes) in the M1
phase relative to R [see the comparison of “Simp.” (for sim-
plified) versus “Expt.” (for experimental) M1 structures in
Table I]. This approximation facilitates a simpler interpolation
between the M1 and R phases, since only the internal atomic
positions need to be varied. We have verified that this choice
has little to no effect on the resultant electronic structure in
the scope of our work here. In our full structural relaxations,
we then optimize both the internal atomic positions and the
corresponding lattice parameters (including the monoclinic
strain in the M1 phase).

We perform DFT + V calculations using the QUANTUM

ESPRESSO (QE 7.1 and 7.2) package [47,48] within the
generalized gradient approximation using the Perdew-Burke-
Ernzerhof (PBE) [49] exchange-correlation functional. We
use the ultrasoft pseudopotentials from the GBRV library [50],
including the 3s and 3p semicore states in the valence man-
ifold for the vanadium atoms. We use a plane-wave kinetic
energy cutoff of 70 Ry for the wave function and 12 × 70 Ry
for the charge density. We use a �-centered 6 × 6 × 8 k-point
grid, converging total energies to a tolerance of 5 × 10−8 eV
between successive iteration steps and in structural relaxations
all force components to below 10−3 eV/Å and pressure below
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TABLE I. Experimental (Expt.), simplified (Simp.), and other
calculated lattice parameters and internal coordinates for both R
(Expt. from Ref. [46] at 360 K) and M1 (Expt. from Ref. [51] at
298 K) phases as calculated within DFT + V at different values
of V and structural relaxation conditions. For the M1 phase, �,
the bandgap, is also shown, for the R phase this is always zero.
Coordinate system corresponds to that defined in Fig. 1.

Expt. Simp. Internally relaxed Fully relaxed

V (eV) 0 0 0 1 2 0 1 2
R a (Å) 4.555 4.622 4.627 4.630

c (Å) 2.851 2.772 2.767 2.765

M1 a (Å) 5.383 5.374 5.426 5.437 5.444
b (Å) 4.538 4.555 4.597 4.600 4.606
c (Å) 5.752 5.703 5.650 5.646 5.640

β (deg) 122.6 122.0 121.8 121.8 121.8
rSB 0.479 0.479 0.464 0.462 0.462 0.467 0.466 0.466

� (eV) 0.00 0.00 0.12 0.39 0.65 0.10 0.37 0.64

0.5 kbar. We relaxed both the internal parameters of the atoms
and the lattice vectors.

III. RESULTS AND DISCUSSION

A. Effects of V on the density-functional
theory results for M1 and R phases

Before discussing the results of our structural relaxations,
we first explore the effects of a V on the M1 and R phases
using their respective experimental lattice parameters given
as Expt. in Table I. We treat the V as a free parameter, varying
it in both positive and negative directions and also applying it
to different vanadium–vanadium pairs.

We start our analysis with the M1 structure. In Fig. 2,
we compare orbital-projected densities of states obtained for
V = 0 (the PBE result) and V = 1 eV. It can be seen that
application of a V mainly affects the a1g orbitals, whereas
the other d orbital components remain nearly unaffected (see
dashed versus full lines in Fig. 2). This is due to the large a1g

FIG. 2. Orbital projected densities of states (PDOS) correspond-
ing to the different sets of vanadium d orbitals in the M1 phase of
VO2, obtained for V = 0 eV (dashed lines) and V = 1 eV (solid
lines), applied on all vanadium–vanadium pairs along c. The a1g, eπ

g ,
and eg orbitals are shown, respectively, in black, green, and blue.
Zero energy is set to the Fermi level of the V = 1 eV case, so that the
difference in the a1g bonding-antibonding splitting is more apparent.

FIG. 3. Vanadium a1g-orbital PDOS for different positive and
negative values of V (shown in red and blue color gradient respec-
tively, with V = 0 in black) applied on both bonds for (a) M1 and
(b) R structures of VO2. Fermi level at 0 eV shown by the dashed
line.

component (na1g

× � 0.3) of the interatomic occupation matrix,
nSB

× , resulting from the electronic dimerization. In contrast,
the interatomic elements corresponding to the other orbitals
and also the LB pairs remain small (nLB

× � 0.1). This, in turn,
means that the corresponding renormalization of the effective
hopping [as described in Eq. (4)] is negligibly small for the
eπ

g (which form the remainder of the t2g manifold in an ideal
octahedron) and the eσ

g orbitals. This also means that adding
a V term between pairs of atoms that are expected to share a
small n× (such as next- or next-next-nearest neighbors) will
lead to little difference in the resultant electronic structure. In
the following we therefore focus on the analysis of the a1g

projected density of states (PDOS) only.
In Fig. 3(a), we further highlight the effect of a V on

the a1g bonding-antibonding splitting, which varies approxi-
mately linearly with V , for both positive and negative values
of V . This, in turn, leads to a bandgap linearly increasing
with V , since the width of the bonding and antibonding peaks
remain almost constant. We can compare this behavior with
the simple one-dimensional tight-binding model, specifically
Eqs. (6) and (7). In the M1 phase, we find that nLB

× 
 nSB
×

and so the tight-binding model yields a linearly changing �

with a constant w for a changing V , mirroring exactly the
DFT results [Fig. 3(a)]. This trend persists as long as n× is
approximately constant. We note that the bare hopping be-
tween a1g orbitals on neighboring vanadium sites is negative,
i.e., tSB/LB < 0, and thus according to Eq. (4) a positive V (for
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FIG. 4. Vanadium a1g-orbital PDOS of the M1 phase, obtained
by applying an interatomic potential of V = 2 eV to both SB and LB
(red line) or to either SB (cyan line) or LB (magenta line) vanadium–
vanadium pairs. The black line shows the case with V = 0 eV. Fermi
level at 0 eV shown by the dashed line.

positive n×) leads to an increase in the absolute value of the
effective hopping amplitude.

Next, we analyze how applying a V only on either the
SB or LB vanadium–vanadium pairs affects the electronic
structure of the M1 phase. The results, depicted in Fig. 4,
show that applying the V to all vanadium–vanadium pairs is
nearly identical in behavior to only applying it to the SB pairs
(compare red and blue lines in Fig. 4). This is due to the fact
that we are in a regime with nLB

× ≈ 0, so that the V on the
LB does not change the effective hopping, giving the same
bandwidth and bandgap as in the SB-only case.

Testing the effects of applying a V only on the LB in the
M1 phase, we observe a broadening of the PDOS for positive
V values (note the difference between the green and black
lines in Fig. 4). This is because nLB

× is increased, favoring
dimerization on the LB, working against the existing SB
dimerization.

Finally, the changes in the PDOS when applying a V on all
vanadium–vanadium pairs are also reflected in the band struc-
ture, causing a separation of bands and a bandgap formation in

the M1 phase [see the band structure for V = 0 and V = 1 eV
in Figs. 5(a) and 5(c)]. The increased bonding-antibonding
splitting of the a1g orbital as indicated by the highlighted
bands leads to a gap-opening reminiscent of the Goodenough
picture described in Sec. I.

The observation that applying a V to all vanadium–
vanadium pairs gives equivalent results compared with apply-
ing it only to the SB pairs is an important result, since this
allows for a way of treating the system without prepatterning
of vanadium dimers. To fully describe the distortion in VO2,
we now evaluate the effects of applying a V onto the chains
with equidistant vanadium atoms present in the R phase.

Indeed, for the R phase [Fig. 3(b)], we see a strikingly
different behavior compared with the M1 case [Fig. 3(a)].
For positive values of V , the a1g density of states broad-
ens without opening a gap, while for negative values of V ,
we observe a narrowing of the PDOS into a single sharp
peak. To understand this result in terms of a simple one-
dimensional tight-binding model, we set nSB

× = nLB
× , V SB =

V LB, and tSB = tLB. Since the two effective hopping ampli-
tudes are identical, there is no gap opening [ cf. Eq. (6)].
Instead, varying the V at a constant n× simply changes the
overall hopping and thus the bandwidth linearly [Eq. (7)],
consistent with the changes in the PDOS in Fig. 4(b).

From the results presented in this section, it thus follows
that for V � 1 eV one obtains a metallic R and an insulating
M1 phase, in agreement with the measured behavior of VO2,
and without a preselecting of specific vanadium–vanadium
pairs to form dimers.

B. Effects of V on the density-functional
theory results for VO2 structure

Next, we perform structural relaxations for both the R and
M1 structures using a range of values for V . The results are
summarized in Table I. For the R phase we show the two
distinct lattice parameters: a within the rutile basal plane, and
c along the dimerization axis [see Fig. 1(a)]. For the M1 phase,
we present all lattice parameters (a, b, and c, the latter along
the dimerization axis), the monoclinic angle β, the ratio of the

FIG. 5. Band structures of the M1 phase with the projection on the a1g orbital highlighted. (a) Experimental (Expt.) structure at V = 0.
(b) Relaxed structure at V = 0. (c) Experimental structure with V = 1 eV. The Fermi energy at 0 eV shown in dashed line.
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SB distance projected onto the c lattice parameter relative to
the magnitude of the c lattice parameter (rSB), and the bandgap
�. First, we describe the effect of full relaxations at three
different values of V and then we show that only relaxing the
atomic coordinates yields very similar results.

In the R phase, we observe a change of the lattice pa-
rameters that corresponds to the typical overestimation of the
unit-cell volume using the PBE functional (Table I). However,
we find that this larger cell volume is accommodated in an
anisotropic way through a larger a lattice parameter, while the
c lattice parameter is actually smaller than the experimental
value, leading to shorter distances between vanadium atoms
along the chain direction. We observe very little change in
the internal parameters. Applying an interatomic V has only a
negligible effect on the structural relaxation, manifesting itself
only in the third digits in Table I for both internal and full
relaxations. We observe no bandgap opening in the R phase.

In the relaxed M1 phase, we first note that, already for V =
0, we obtain a bandgap opening as shown in Fig. 5(b). This
is caused by a change in the internal coordinates that leads
to a shortening of the dimer length (quantified through rSB in
Table I), and hence, in turn, an enhancement of the bonding-
antibonding splitting. Notably, this is very similar to what we
observe without any relaxation but with the addition of V —
all three band structures are shown in Fig. 5. These effects
act in the same direction and we obtain an increasingly larger
bandgap for relaxed structures with increasing V (see � in
Table I).

The overall behavior of the lattice parameters here is analo-
gous to that of the R phase, where with relaxations, the lattice
parameter along the dimer direction c shortens while the other
two lattice parameters increase in magnitude. Similarly to the
R phase, the addition of V has very little effect on all relax-
ations. For the internal relaxations in the M1 phase, we use a
simplified structure (Simp. in Table I) formed by doubling the
R primitive structure and considering it within a monoclinic
cell as opposed to the similar M1 experimental structure.
Internal relaxations yield similar results to full relaxations,
also causing a bandgap opening.

C. Effects of V on the density-functional theory
results across a structural distortion

Finally, we study the evolution of VO2 when varying the
structure continuously between the R and M1 phases in order
to better understand how the metal-insulator transition and
how (or whether) the energy landscape changes under the ap-
plication of a V . We do so by varying only the internal atomic
positions while keeping the lattice vectors fixed, thereby in-
terpolating between the simplified M1 structure (Simp. in
Table I) and the R structure embedded in the monoclinic cell.
We parametrize the degree of the structural distortion by a
scalar amplitude d , where d = 0 corresponds to the undis-
torted experimental R structure and d = 1.0 corresponds to
the simplified M1 structure (Simp.). This simplified treatment
of both the structure itself and the structural distortion is jus-
tified by the results of the previous section where we showed
that for our work we observe no significant differences be-
tween full relaxations and internal relaxations under different
V values. We note that we vary the distortion under a fixed V

FIG. 6. Properties along the distortion d interpolating between
and extrapolating beyond the R (d = 0.0) and M1 (d = 1.0) phases
at V = 0, 1, 2 eV in black, orange, and red, respectively. (a) Inter-
nal energy. (b) Bandgap showing either a metallic, negative-gap, or
direct-gap state. Vertical lines indicate the last structure with zero gap
for each V value. (c) Interatomic occupation difference between the
short- and long-bonds (�n

a1g
× ).

in order to allow for an energy comparison as a function of
distortion.

In Fig. 6, we show the total energy, the bandgap, and the
difference of the a1g component of the interatomic occupa-
tion matrix between SB and LB, �n

a1g

× , as a function of the
distortion coordinate d . We first note that for all studied V
values, we observe two distinct regimes, a metallic one (with
zero bandgap) for a small d , and an insulating one for larger
distortion. We note that we also find a narrow intermediate
regime, indicated by a negative bandgap in Fig. 6(b). Here,
the bands are already separated everywhere in k space, but the
minimum of the higher-lying group of bands (which become
completely empty in the insulating state) is still lower than the
maximum of the lower-lying group of bands (which become
completely filled in the insulating state).

For V = 0 the system clearly exhibits two energy minima
[black curve in Fig. 6(a)], one in the metallic regime for
zero distortion and a second one, corresponding to a distorted
insulating state around d = 1.25. In agreement with previous

043177-6



INCORPORATING STATIC INTERSITE CORRELATION … PHYSICAL REVIEW RESEARCH 6, 043177 (2024)

literature [1,13], the minimum corresponding to the R phase
is slightly lower in energy than that corresponding to the M1
phase, and this remains true also with our simplified struc-
ture. Additionally, consistent with the results of the structural
relaxations above, the M1 energy minimum lies at a larger
distortion than the experimentally reported structure, at about
0.20–0.25 above the d = 1 distortion point.

At V > 0, the energy of the M1 phase minimum relative
to the R phase minimum significantly lowers, becoming the
global energy minimum [orange and red curves in Fig. 6(a)].
In fact, it becomes unclear whether R remains even locally
stable. In contrast, introduction of a V has negligible effects on
the positions of the energy minima, again in agreement with
the relaxation results. At finite V values, we see an opening
of the bandgap for a smaller distortion than at V = 0 [orange
and red curves compared with the black curve in Fig. 6(b)],
coinciding with the onset of the insulating M1 phase energy
minimum.

Finally, we also note the behavior of �n
a1g

× . We observe a
linear increase in the metallic regime which becomes strongly
nonlinear for V > 0 compared with the more gradual change
at V = 0. The strong increase in the interatomic occupation
difference and particularly the �n

a1g

× occurs in combina-
tion with the a1g band splitting off from the rest of the t2g

manifold. This causes an abrupt change in the curvature of
the total energy as a function of d around the point where
the negative gap opens up (note the vertical lines in Fig. 6).
The interatomic occupation difference plotted here also re-
sembles the evolution of the electronic order parameter as a
function of structural distortion in other systems exhibiting
coupled structural and electronic transitions [52–54], suggest-
ing that the �n

a1g

× plotted here is indeed a suitable order
parameter for describing the electronic dimerization in VO2.

These results corroborate our findings described in the
previous section, that applying a V in the way presented here
improves the overall description of VO2, in particular with
respect to the relative energies of the two phases and the
presence of a bandgap in the M1 phase, consistent with the
experimental observations.

IV. SUMMARY AND OUTLOOK

In summary, we showed that the DFT + V method can
provide an improvement over plain DFT in the description
of VO2, at low computationally cost and without introducing
a bias by preselecting specific vanadium–vanadium pairs as
dimers.

Applying the V correction enhances the a1g bonding-
antibonding splitting resulting from the vanadium–vanadium
dimerization in VO2, which supports the formation of an
insulating bandgap and also energetically stabilizes the M1
relative to the R phase. In this context the V should be viewed
as an empirical self-energy correction, stemming from the

on-site electron-electron interaction, rather than as an inter-
atomic Coulomb interaction. Within a simple tight-binding
model, the effect of the interatomic V can be understood as a
renormalization of the hopping amplitude between vanadium-
sites, which also depends on the degree of interatomic
hybridization represented by the interatomic occupation n×.

Applying a V on all vanadium–vanadium pairs along the c
direction in both the R and M1 phases, we obtain both the cor-
rect insulating or metallic behavior and the correct energetic
ordering between these two phases, thus removing two of the
main deficiencies of plain DFT applied to VO2. Our approach
hence provides an unbiased way of treating VO2 without
requiring a prepatterning of vanadium–vanadium pairs. We
thus expect this DFT-based method to be an ideal low-cost
choice for future computational VO2 studies that require a
very large number of calculations (e.g., scanning of different
strain states) or calculations that necessitate larger system
sizes, such as doped VO2.

From our calculations, a value of V = 2 eV appears
the most appropriate for M1VO2, yielding the experimental
bandgap of around 0.6 eV [55] at the global energy minimum
corresponding to a distortion of d = 1.25. Independent of the
specific value of V (and in particular also for V = 0), the
energy minimum corresponding to the M1 phase is obtained
for larger distortion (by about 20%–25 %), i.e., stronger struc-
tural dimerization, compared with the experimentally reported
M1 structure of Ref. [51]. This could point towards a general
deficiency of DFT-based methods, towards a strong tempera-
ture dependence of the dimerization (since the experimental
structure was measured around room temperature whereas
the DFT-based results correspond to zero temperature), or to-
wards other effects (not included in the calculations) affecting
the measured distortion amplitude. Furthermore, we note that
the DFT-relaxed structure indeed has a very small, but nonzero
bandgap, even for V = 0. Although this is in principle already
known from previous works [4,56], it does not appear to be
well-acknowledged in the literature.

Finally, we point out the similarity of our results to our
previous work using DFT + DMFT with bond-centered or-
bitals to describe VO2 [57], with the energy landscape of the
distortion between the R and M1 phases being in particularly
good agreement. This further highlights the importance of
interatomic effects in the physics of VO2.

The supporting data for this article are openly available on
the Materials Cloud Archive [58].
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