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First-principles-based description of VO2 using DFT + DMFT with bond-centered orbitals
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We present a combined density-functional theory and dynamical mean-field theory (DFT+DMFT) study of
the full structural phase space of rutile-based vanadium dioxide (VO2), including also the less studied M2 and
T phases, using an unconventional bond-centered orbital basis. The use of bond-centered orbitals allows us to
treat all main phases of VO2, and the structural transitions between them, using one consistent approach with
moderate computational cost and without prepattering of the structure into dimerized and undimerized V-V
pairs. We obtain two distinct insulating states on the two different types of vanadium chains in the M2 phase, a
singlet insulator on the dimerized chains and a Mott insulator on the zigzag-distorted chains, which, however, are
strongly coupled in the M2 phase and thus the metal-insulator transition always occurs concomitantly for both
types of sites. We also demonstrate that the M2 phase corresponds to a local energy minimum in the structural
phase space of VO2, the stability of which, apart from the internal structural distortion, depends crucially on
the unit cell strain relative to the undistorted rutile phase. Our calculations further indicate that the symmetry-
distinct triclinic T phase corresponds electronically to either an M1- or an M2-type insulator with an abrupt
transition as a function of distortion. Finally, we disentangle the effect of the dimerization and zigzag distortions
by constructing hypothetical structures that contain only one site type, finding that the zigzag distortion strongly
favors emergence of the Mott-insulating state, as a function of both distortion and on-site interaction.

DOI: 10.1103/m911-zsvh

I. INTRODUCTION

Vanadium dioxide (VO2) is a prototypical material ex-
hibiting a metal-insulator transition (MIT), where the MIT is
accompanied by a structural transition [1]. At temperatures
above TMIT, VO2 is metallic and exhibits the high-symmetry
rutile (R) structure, which contains chains of equidistant
nearest-neighbor V atoms along the c direction [see Fig. 1(a)].
On cooling below TMIT, VO2 transforms into an insulating
monoclinic, so-called M1 phase, which features a structural
dimerization of the nearest-neighbor V chains into alternating
short bond (SB) and long bond (LB) V-V pairs, combined with
a “zigzag” (ZZ) distortion of these chains due to additional
displacements of the V atoms perpendicular to c [2–4]. Since
the MIT occurs at TMIT ≈ 340 K, i.e., not too far above room
temperature, VO2 is a promising test bed for many applica-
tions that attempt to exploit its MIT [5–9].

In principle, the insulating behavior of the M1 phase can be
understood to result from a Peierls-like formation of electron
pairs on the SB dimers, where the hybridization between the
lowest-lying a1g orbitals of the nominal d1 vanadium ions
results in a strong bonding-antibonding splitting, while a si-
multaneous upward energy shift of the higher-lying eπ

g orbitals
ensures half filling of the a1g states and thus leads to a band
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gap opening [10]. However, this simple model has been called
into question with proposals of Mott-Hubbard physics being
important in VO2 [11–16], and thus the physics underlying
the MIT in VO2 has been the topic of a long-standing de-
bate [17–28]. Nowadays, the consensus is converging toward
the idea that the formation of the insulating M1 phase in
VO2 is governed by a “correlation-assisted” Peierls mecha-
nism [21,25,29,30].

One of the arguments for the Mott-like nature of VO2

stems from the fact that besides the R and M1 phases,
VO2 also forms another monoclinic, so-called M2, phase
[Fig. 1(b)] [31–34]. In the M2 phase, the V chains are either
dimerized (with alternating SB and LB pairs along c) or
zigzag distorted (with equidistant V atoms) [see Fig. 1(b),
with SB pairs and ZZ chains shown in blue and red, re-
spectively]. While the M2 phase is found to be insulating,
the insulating nature of the zigzag-distorted chains cannot
be explained by the Peierls mechanism, with susceptibility
measurements also indicating the presence of local magnetic
moments indicative of a Mott-insulating state [31]. The study
of the M2 phase can thus help us better understand the general
interplay between electronic correlation effects and structural
distortions in the different phases of VO2.

The M2 phase was first observed in the 1970s [31,32,35]
and the first phase diagrams containing R, M1, and M2 phases
were constructed [32]. A strain within the [110] plane was
shown to yield the M2 phase in an intermediate temperature
regime, leading to an R to M2 transition. On further lower-
ing of the temperature, the M2 phase then transforms into
the M1 phase through an intermediate triclinic, so-called T
phase [36]. Interestingly, light Cr or Al doping also yields the
M2 phase [31,35,36]. Thus, since the 1970s, there have been
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FIG. 1. (a) The R and (b) the M2 structures of VO2 depicted in
the unit cell used in this work. The short-bond pairs and zigzag-
distorted chains are highlighted in blue and red, respectively. V
(O) atoms shown in (dark) gray. (c) Distortion η1 within the (110)
plane [η2 analogous in (11̄0) plane]. (d) The (η1, η2) phase diagram,
schematically indicating the R, M1, M2, and T phases.

many refinements to the VO2 phase diagram, including not
only R and M1, but also the M2 and T phases [33,34,37–41].

Although many first-principles-based electronic structure
calculations exist for the R and M1 phases, see, e.g.,
Refs. [2,21,23,24,27,42–47], theoretical studies of the M2 and
T phases, and also of the structural transformations between
the different phases, are rather sparse. Initially described
as a simple Heisenberg spin chain [31], the M2 phase is
often modeled using spin-polarized density-functional the-
ory (DFT) calculations with antiferromagnetically aligned V
cations within the zigzag-distorted chains [2,42,48,49]. How-
ever, Brito et al. [15,16] used DFT plus dynamical mean-field
theory (DMFT) to show that, while the dimerized chains
form a singlet insulator similar to the M1 phase, the zigzag-
distorted chains indeed form a Mott insulator. These authors
also compared paramagnetic to antiferromagnetic calculations
and concluded that the effects of magnetic order on the band
gap are weak relative to the Mott effects.

Specifically, the work of Brito et al. [15,16] employed a
single-site DMFT treatment for the undimerized and a two-
site cluster DMFT treatment for the dimerized V atoms, hence
treating the different types of V chain on different footing.
Similarly, the earlier seminal work of Biermann et al. [21]
used DFT plus single-site DMFT for the description of the
R phase and two-site cluster DMFT for the M1 phase. Thus,
while these different variants of the DFT + DMFT method
have been successfully used to describe different phases of
VO2, and are capable of describing both the weakly corre-
lated and strongly correlated limits equally well, the required
“prepatterning” into dimerized and undimerized V pairs rep-
resents an obstacle for further studies. Specifically, in order
to compare relative energies of the different phases or con-
tinuously transform one structural variant into another, it is
desirable to use a universal computational framework that
allows to treat all phases on equal footing.

We have addressed this problem in a preceding work [30]
by constructing a set of “bond-centered” orbitals, i.e., centered
in between neighboring V atoms along the c-axis chains,
which are then used to define the correlated subspace for
a single-site DFT + DMFT calculation. By constructing the
correlated orbitals on bond centers between V atoms, this
approach allows us to capture the singlet-insulating state
realized in M1 VO2 and obtain results that are in excel-
lent agreement with previous studies using DFT + cluster
DMFT calculations, but at significantly lower computational
cost. Simultaneously, this method also allows us to describe
the undimerized R phase, or a potential competing Mott-
insulating state, and thus, in principle, to explore the full
structural phase space of VO2 using a consistent computa-
tional framework (and without prepatterning of potentially
dimerized V-V pairs).

In the present work, we extend the application of the
bond-centered DFT + DMFT approach also to the M2 phase
of VO2, for which we obtain a distinct Mott and Peierls
behavior of the two different types of V chains, zigzag and
dimerized, respectively, in agreement with the results of Brito
et al. [15,16] (see Sec. IV). In addition, we characterize
VO2 throughout the full structural phase space (as defined
in Sec. II), extending our previous treatment of the R–M1
distortion from Ref. [30] toward the R–M2 and M1–T–M2
structural distortions and investigate the resulting effect on
the electronic properties in the various metallic and insulating
regimes. Finally, in Sec. V, we separately analyze the effects
of different components of the structural distortions present in
VO2, namely, the unit cell strain (relative to the R phase) and
the internal V displacements, also focusing on the separate
roles of the structural dimerization and zigzag distortion.

II. DEFINITION OF THE STRUCTURAL PHASE SPACE

The distortion pattern in the M2 structure corresponding
to either dimerized or zigzag-distorted vanadium-vanadium
chains can also be recast as a set of collective displace-
ments, η, of vanadium atoms within a (110) plane [see
Fig. 1(c)] or, equivalently, within a (11̄0) plane [50–52].
Within these planes, the displacements of the V atoms in each
zigzag-distorted chain are coupled to the displacements that
lead to the formation of alternating SB and LB pairs in the
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neighboring chain, as indicated by the arrows in Fig. 1(c). The
coupling can be thought of as being mediated by the oxygen
anion shared between the corresponding oxygen octahedra
(apical relative to the zigzag-distorted V, and equatorial with
respect to the dimerizing V).

In the M2 phase, these distorted planes are stacked along
the direction perpendicular to these (110)-type planes, while
the M1 phase is formed by an orthogonal pair of such
displacements equal in strength, η1 = η2, corresponding to
displacements within (110) and (11̄0) planes, respectively,
while for η1 �= η2, the triclinic phase, T, is obtained, bridging
the M1 and M2 structures [36]. In Fig. 1(d), we show a
section of the full (η1, η2) phase space, where we indicate
that η1 [within a (110) plane] and η2 [within a (11̄0) plane]
individually lead to distinct domains of the M2 structure
and when they are equal they yield the M1 structure. More
generally, the (η1, η2) distortion patterns are a subset of the
full four-component order parameter governing the structural
distortions in VO2 [50–52], where the other components allow
for the formation of dimerizing and zigzag distortions on the
other respective chains.

III. COMPUTATIONAL METHOD

We conduct DFT + DMFT calculations with a bond-
centered orbital basis, following Ref. [30]. This choice of
basis is motivated by physical intuition about the molecu-
larlike nature of the insulating state in M1 VO2. However,
it is important to note that the bond-centered orbitals are
centered between every neighboring V-V pair along c; i.e.,
there is no a priori pairing of vanadium atoms. This is a
crucial difference to two-site cluster DMFT, where the clusters
span only dimerized V-V pairs and thus require a prepat-
terning of the underlying structure. Such a prepatterning is
a potential obstacle for a continuous exploration of the full
structural phase space between dimerized and nondimerized
(or partially dimerized) phases. In contrast, the bond-centered
basis allows one to describe both dimerized and nondimerized
states on an equal footing. The latter case simply corresponds
to an equal occupation of each bond center, whereas an
electronic dimerization corresponds to alternating empty and
doubly occupied bonds.

Practically, we first construct a conventional set of atom-
centered Wannier functions that span the V-t2g-dominated set
of bands around the Fermi level [indicated as Wannier bands
in Fig. 2(a)]. We then transform this set of atom-centered
Wannier orbitals into a set of bond-centered orbitals using
a pairwise unitary transformation defined by the following
k-dependent transformation matrix:

U (k) = 1√
2

(
ei(π/4−kzc/4) ei(−π/4+kzc/4)

ei(−π/4−3kzc/4) ei(π/4−kzc/4)

)
, (1)

which always combines two atom-centered Wannier functions
with equivalent orbital character corresponding to neighbor-
ing V sites along c. Note that the transformation is applied
in k space and essentially shifts the corresponding Bloch
functions by half the average V-V distance along c [30].
The resulting Wannier orbitals (in real-space representation)
are then centered in between the nearest-neighbor V-V pairs
along the c direction. For some examples, see the SB and ZZ

FIG. 2. (a) DFT band structure of the M2 VO2 shown in black
together with the bands recalculated within the Wannier basis in
gray. (b) Density of states (DOS) projected on V a1g (eπ

g ) orbital
character plotted in black (cyan). Orbitals on the SB (ZZ) sites shown
as full (dashed) lines. Bond-centered orbitals corresponding to the a1g

orbitals on the (c) SB and (d) ZZ sites. Yellow (cyan) colors indicate
the positive (negative) phase of the orbitals.

bond-centered functions in the M2 phase in Figs. 2(c)
and 2(d), respectively. Note that the bond-centered Wannier
functions have a “bonding” character on the V-V pairs of
interest and host “antibonding tails” on the neighboring pairs.
We obtain three bond-centered orbitals per V-V pair, which
we label as a1g and eπ

g , according to the atom-centered or-
bitals they are constructed from. In total, six atom-centered
orbitals per c-axis chain (three per V atom, with two V atoms
per chain) are transformed into an equivalent basis of six
bond-centered orbitals per chain (three per bond center, with
two bond centers per chain), spanning the same correlated
subspace as the more conventional atom-centered orbitals. For
more details, we refer to Ref. [30].

We use a periodically repeated unit cell that corresponds
to an approximately orthorhombic 1 × 2 × 2 supercell of the
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TABLE I. Lattice parameters of our unit cell corresponding to the
experimental lattice parameters of the R [53], M1 [54], and M2 [35]
structures used in this work. Lattice parameters given in angstroms
and angles in degrees.

a (Å) b (Å) c (Å) α (deg) β (deg) γ (deg)

R 4.55 9.11 5.70 90.0 90.0 90.0
M1 4.53 9.08 5.75 90.0 90.4 90.0
M2 4.53 9.07 5.80 90.0 90.0 91.9

underlying R unit cell that can describe both M1 and M2
structures and contains eight VO2 formula units. Unless oth-
erwise specified, we use the experimental lattice parameters
for the respective R structure [53], M1 structure [54], and
M2 structure [35] summarized in Table I. When we perform
structural variation, unless otherwise specified, we interpolate
between these experimental lattice parameters, and vary both
vanadium and oxygen internal coordinates accordingly.

We perform DFT calculations using the QUANTUM

ESPRESSO (v7.3) package [55,56] within the generalized gra-
dient approximation, using the Perdew-Burke-Ernzerhof [57]
exchange-correlation functional. We use ultrasoft pseudopo-
tentials from the GBRV library [58], including the semicore
3s and 3p states of the vanadium atoms in the valence man-
ifold. We use a wavefunction plane-wave cutoff of 70 Ry,
and 12 × 70 Ry for the charge density. We use a �-centered
5 × 6 × 8 k-point mesh. We converge the total energies to
5 × 10−8 eV.

We use WANNIER90 (v3.1.0) [59,60] to construct the Wan-
nier functions. We use the vanadium t2g-dominated manifold
from around −0.5 to 2 eV isolated from the rest of the bands
[see the highlighted bands in Fig. 2(a)].

We perform both charge self-consistent and noncharge
self-consistent DFT + DMFT calculations [61–64], as indi-
cated in the corresponding sections, using SOLID_DMFT [65]
within the TRIQS (v3.3.0) software suite [66]. We
parametrize the local interaction on each bond center by a
Hubbard-Kanamori Hamiltonian including the spin-flip and
pair-hopping terms [67–69] (shown to be a good approx-
imation for the bond-centered orbitals; see Ref. [30]). We
first vary the interaction parameters over a realistic range
to explore the phase diagram at a fixed structure. Then,
when imposing structural distortions, we keep the inter-
action parameters fixed close to the values calculated via
the constrained random phase approximation (cRPA) for
the bond-centered orbitals in the R phase, (UcRPA, JcRPA) =
(1.35, 0.19) eV [30], which are very similar to those of the M1
phase. The justification for fixing the interaction parameters
stems from the fact that we have previously found only very
small differences in calculated parameters between the R and
M1 phases [30], and we thus expect this to hold for the
other structural variants as well. When varying either inter-
action parameters or the structural distortion, all calculations
are initialized independently from each other. Specifically,
we initialize the self-energy for the first DMFT iteration
as frequency-independent Hartree shift corresponding to the
plain DFT solution.

We solve the DMFT impurity problem using CT-
HYB [70], a continuous-time quantum Monte Carlo

solver [71,72], setting the inverse electronic temperature, β =
40 eV−1, which corresponds to approximately room temper-
ature, while structural degrees of freedom are treated at zero
temperature. We represent the Green’s function using the Leg-
endre polynomial expansion, considering the first 30 terms.
The DMFT problem is solved self-consistently and converged
until orbital occupation differences between consecutive steps
are smaller than 10−2 electrons. This level of numerical ac-
curacy is limited by the statistical nature of the quantum
Monte Carlo impurity solver but is fully sufficient for our
subsequent analysis. We calculate the total DFT + DMFT
energy according to Ref. [64], converged to a precision of at
least 5 × 10−2 eV, employing the fully localized limit double
counting correction [73]. We ensure a paramagnetic solution
by averaging over both spin channels.

From the local Green’s function, we obtain local occupa-
tions as well as the spectral weight at zero frequency, Ā(ω =
0) = −(β/π )TrG(τ = β/2). We estimate the quasiparticle
weight, Z = [1 − ∂Im�(iω)/∂ (iω)]−1, from a linear fit to the
imaginary part of the local self-energy at the smallest two
Matsubara frequencies, interpolating to iω = 0. Finally, we
use the maximum entropy method to obtain the k-summed
spectral functions on the real-frequency axis [74–76].

IV. CHARACTERIZING THE M2 PHASE

We start by investigating whether the bond-centered basis
of the correlated subspace is appropriate for the study of the
M2 phase. We analyze different regimes observed for different
interaction parameters, identifying the one representing the
M2 phase, and we also consider a structural pathway that
connects the M2 phase to the previously calculated R and M1
phases of VO2.

A. M2 phase diagram in U and J

We first perform a series of DFT + DMFT calculations in
the bond-centered basis for a wide range of interaction param-
eters to explore and characterize the different possible phases
obtained for the fixed M2 structure. In particular, we vary the
U and J parameters around their calculated cRPA values in the
bond-centered basis, (UcRPA, JcRPA) = (1.35, 0.19) eV [30].
For computational efficiency, we drop full DFT + DMFT
charge self-consistency, here, and instead perform DMFT cal-
culations based on the self-consistent charge density obtained
within pure DFT.

As discussed above, the M2 structure, due to the difference
in neighboring V-V chains, hosts three distinct bond-centered
sites—short bond, long bond, and the zigzag distorted. In
Figs. 3(a)–3(h), we only show results for the SB and ZZ sites,
since the corresponding properties of the LB sites can usually
be inferred from those of the SB and ZZ sites.

From the local spectral weight at zero frequency shown in
Figs. 3(a) and 3(e), one can see that for U � 2 eV the system is
metallic, while for U � 2 eV we obtain an insulator, indicated
by Ā(0) ≈ 0. There is also a weak J dependence with larger
J favoring the metallic state. Notably, the transition between
metal and insulator occurs simultaneously on all bond centers
(also on the LB sites not shown here); i.e., we observe no
(U, J ) regime with site-selective metallicity, in spite of the
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FIG. 3. Different local observables on the M2 (a)–(d) SB and (e)–(h) ZZ sites obtained within bond-centered DFT + DMFT as a
function of U and J: (a), (e) spectral weight at zero frequency, A(ω = 0), (b), (f) total local occupation, (c), (g) occupation of the a1g

orbital, and (d), (h) the a1g quasiparticle weight Z . Labels (1–3) indicate the different regimes discussed in the text. Black-filled stars
indicate the cRPA values of (U, J ) obtained for the R phase in Ref. [30], while white-filled stars indicate the values used in subsequent
calculations.

different character of the insulating state on the SB/LB and
ZZ sites, which we now analyze further.

The different character of the insulating state on the SB
(and LB) and the ZZ sites can, for example, be inferred from
the total local occupation on these sites, shown in Figs. 3(b)
and 3(f). While, in the insulating regime, the ZZ sites are
occupied by exactly one electron, the SB sites are doubly oc-
cupied with two electrons (and since the correlated subspace
contains one electron per V atom, this leaves zero electrons
for the LB sites). Further inspection of the orbital-resolved
a1g occupations shown in Figs. 3(c) and 3(g) reveals that one
can in fact distinguish two different insulating regimes on
the SB sites. For J � 0.25 eV, both electrons on the SB sites
occupy the lowest-lying a1g orbital, while, for larger J , one
of these electrons is transferred to the higher-lying eπ

g states.
Thus, for J � 0.25 eV, the insulating state on the SB sites
represents a singlet insulator, similar to that observed in the
insulating M1 phase [30], while, for larger Hund’s interaction
J , the singlet is transformed into a Mott-like triplet, with two
electrons distributed over different orbitals and an emerging

local magnetic moment on the SB site. The ZZ (and LB) sites
are not affected by this low-spin to high-spin transition on the
SB sites.

The transition on the SB sites from an essentially un-
correlated singlet insulator to a correlated Mott insulator
around J ≈ 0.25 eV can also be seen from the local quasi-
particle weights, Z , shown in Figs. 3(d) and 3(h). For J �
0.25 eV (and in the metallic regime), the quasiparticle weight
stays close to Z = 1, indicating a weakly correlated state,
whereas for J � 0.25 eV, the quasiparticle weight drops to
zero, indicative of a Mott insulator. Furthermore, one can
see that on the ZZ sites the quasiparticle weight essen-
tially vanishes across the whole insulating region for U �
2 eV, establishing the Mott-insulating character of the ZZ
sites.

Thus, we can distinguish three different regimes in the
(U, J ) phase diagrams shown in Fig. 3, indicated by labels
1, 2, and 3: (1) a metallic regime for small U ; (2) an insu-
lating regime with a one-electron Mott-insulating state on the
ZZ sites and a two-electron Mott-triplet on the SB sites for
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FIG. 4. Local spectral functions in M2 VO2 at (U, J ) =
(2.0, 0.1) eV for the (a) SB and (b) ZZ sites. Black (cyan) lines show
the a1g (eπ

g ) bands and gray line shows the total per impurity. Dashed
line indicates the Fermi level.

U � 2 eV and large J (combined with a trivial unoccupied
band insulator on the LB sites); and (3) a singlet insulator
on the SB sites coexisting with the Mott state on the ZZ
sites. Thus, regime 3 can be identified as representative for
the actual M2 phase of VO2, by analogy with the results
obtained in the DFT + cluster DMFT study of Brito et al. [15],
which also found a singlet-insulating state in the dimerized
SB/LB chains and a singly occupied Mott state on the ZZ
chains.

The different character of the insulating state on the SB
and ZZ sites in regime 3 can also be seen from the corre-
sponding local orbital-resolved spectral functions in Fig. 4.
On the SB sites, the a1g states are completely filled (with
two electrons), while on the ZZ sites the a1g state are only
half filled and exhibit a Mott gap. On both sites, the higher-
lying eπ

g states remain empty. The spectral functions, for
both the SB and ZZ sites, are in good agreement with cor-
responding spectral functions obtained by Brito et al. [see
Fig. 5(b) in Ref. [16]] using a combination of single- and
two-site DFT + DMFT.

The interaction parameters obtained from cRPA calcu-
lations in our previous work [30], and indicated by the
black-filled stars in Fig. 3, are rather close to the boundary
between all three regimes. We take this as confirmation that
the bond-centered basis indeed allows for a realistic descrip-
tion of the M2 phase of VO2, since it is well established
that, while cRPA calculations can provide realistic estimates
of the strength of the screened interaction, the correspond-
ing values often need small adjustments to obtain optimal
effective interaction parameters to be used in realistic calcu-
lations [77–82]. In the following, we will therefore use values
(U, J ) = (2.0, 0.1) eV, indicated by the white-filled stars in
Fig. 3, which place the system firmly into the realistic regime
3. These values also mirror the (U, J ) values used to study the
M1 and R phases in Ref. [30], and thus allow us to describe
all phases of VO2, and thus explore the complete (η1, η2)

FIG. 5. Selected observables calculated as a function of struc-
tural distortion interpolating between (a)–(c) R and M2, and (d)–(f)
M2 and M1 (through T) structures for the SB (solid line, filled
circles) and ZZ (dashed line, open circles) sites. (a), (d) Spectral
weight at zero frequency. (b), (e) Orbital occupation of the a1g (black)
and the two eπ

g (cyan) orbitals. (c), (f) Total energy relative to the R
phase.

structural phase space, using a consistent choice of interaction
parameters.

B. Variation of M2 structural distortion

Next, we perform fully charge self-consistent DFT +
DMFT calculations where we systematically vary the struc-
tural distortion leading from the R and M1 to the M2 phase,
studying the behavior across the MIT with increasing struc-
tural distortion. We trace both the R, (0, 0), to M2, (η, 0), and
the M2, (η, 0), to M1, (η, η), transition [see Fig. 1(d)]. As dis-
cussed at the end of Sec. IV A, we use (U, J ) = (2.0, 0.1) eV.

In Fig. 5, we show the results for both the SB (full lines,
filled markers) and ZZ (dashed lines, empty markers) sites,
indicating the spectral weight at zero frequency [Figs. 5(a)
and 5(d)], orbital occupation [Figs. 5(b) and 5(e)], and the
total energy [Figs. 5(c) and 5(f)], all as a function of the
structural distortion interpolated between the two end mem-
bers. Note that for the M2–M1 path, the two ZZ sites become
inequivalent and only the one that evolves into the LB site in
the M1 limit is shown.

First focusing on the R–M2 transition [Figs. 5(a)–5(c)],
at small distortions away from the R structure, VO2 remains
metallic on both the SB and ZZ sites [Fig. 5(a)]. The occupa-
tion of the a1g and eπ

g orbitals changes, leading to a gradual
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depletion of the two eπ
g orbitals [Fig. 5(b)]. As we move away

from the R phase, we also see an energy lowering, indicating
an unstable nature of the R phase [Fig. 5(c)].

Between 60% and 70% of distortion, we observe an abrupt
MIT occurring simultaneously on both SB and ZZ sites
[Fig. 5(a)]. The electrons localize in the a1g orbitals, now
completely depleting the eπ

g orbitals on both chains, leading
to an occupation of two and one on the SB and ZZ sites,
respectively [Fig. 5(b)], corresponding to zero electrons on
the LB sites. The MIT is also accompanied by a further energy
lowering [Fig. 5(c)]. When extrapolating the structural distor-
tion beyond 100% (not shown), we find an energy minimum
corresponding to the M2 phase at around 120% distortion,
while for even larger distortion, the energy rises again, estab-
lishing the M2 phase as a locally stable phase with respect to
this distortion mode.

Looking at the M2–T–M1 transition [Figs. 5(d)–5(f)],
close to the M2 structure, the system remains in an M2-
like phase even though its structural symmetry is now that
of the T phase. All bond-centered sites remain insulating
[Fig. 5(d)], with two electrons occupying the SB sites and
one electron occupying the ZZ bonds [Fig. 5(e)]. We note
that these occupations are “locked” to integer values in
the respective insulating regimes. We further see that the
energy increases with distortion and thus the M2 phase
is also locally stable with respect to this distortion mode
[Fig. 5(f)].

At around 40% distortion, an abrupt transition occurs. Al-
though the system remains insulating throughout [Fig. 5(d)],
the occupations show that the nature of the insulator changes.
The SB sites remain doubly occupied, while the ZZ site
shown here becomes completely empty [Fig. 5(e)], effectively
turning into an M1-like LB site. Conversely, the other ZZ
site (not shown here) gains one electron, and becomes elec-
tronically equivalent to the doubly occupied SB site. This
electron rearrangement is accompanied by an energy low-
ering for further increasing distortion, with the potentially
global energy minimum close to the experimental M1 struc-
ture [Fig. 5(f)], while for distortions larger than 130%, the
energy rises again. The Mott-insulating ZZ chains have thus
changed into chains of alternating empty and doubly occupied
singlet-insulating sites, completing the path through the phase
diagram.

In summary, we find an MIT between the R and M2 phase
where SB and ZZ sites become insulating simultaneously, at
least within the given discretization of the structural distor-
tion, giving rise to a local energy minimum corresponding
to the M2 phase. Upon distorting through the T phase into
the M1 phase, the M2 phase remains locally stable before we
observe an abrupt transition into the M1 phase corresponding
to the global energy minimum. Notably, although structurally
the whole range of distortion between the M2 and M1 phases
is characterized as T phase, electronically, we observe either
an M2-like insulating state or an M1-like insulating state.
In experiment, only one clear transition has been found, a
first-order transition between the M2 and T phase, while
the T to M1 phase transition is classified as a continuous
crossover [13,33]. Our results appear to be consistent with this
observation, indicating that the T phase might essentially cor-
respond to a distorted M1 phase. To the best of our knowledge,

this is the first first-principles characterization of the T phase,
apart from a calculation of the optical conductivity spectra in
Ref. [13].

V. DISENTANGLING UNIT CELL AND INTERNAL
DISTORTION EFFECTS

In the previous section, we varied both the internal
distortion within the (η1, η2) subspace and simultaneously
interpolated between the experimental cell parameters of the
R, M1, and M2 VO2 phases. In this section, we aim to
disentangle the influence of the different components of the
structural distortion by, first, addressing the effect of the lattice
parameter changes with the internal atomic coordinates fixed
to those of the M2 structure, and, second, studying hypothet-
ical structures featuring only dimerized or zigzag-distorted
chains.

A. Unit cell distortion effects

Inspecting the difference between the high-symmetry
reference R and lower-symmetry distorted M2 unit cells
(Table I), we note that the most notable changes are in the
γ angle and the expansion of the c lattice parameter in the
M2 phase [schematically indicated by red and blue arrows,
respectively, in Fig. 6(a)]. The differences in the a and b lattice
parameters between R and M2 unit cells are comparatively
small. In the following, we therefore study how the changes
of γ and c affect the transition between the R and M2 phases.

We first perform noncharge self-consistent DFT + DMFT
calculations for varying U and fixed J = 0.1 eV, i.e., corre-
sponding to a vertical cut across the phase diagrams shown
in Fig. 3. In Figs. 6(b) and 6(c), we show the spectral weight
at zero frequency on the SB and ZZ sites, obtained using the
lattice parameters of the M2 unit cell, the R unit cell, the R unit
cell including only the value of γ corresponding to the M2
phase (“R with M2 γ ”), and the R unit cell including only the
change in c (“R with M2 c”). In all cases the internal relative
atomic coordinates are fixed to those of the M2 structure.
We observe slightly different behaviors with increasing U
on the two different sites, indicating their distinct insulating
states as discussed previously. The transition to the singlet
insulating state on the SB sites features a gradual decrease
in spectral weight with U . On the other hand, the ZZ sites
exhibit a more abrupt transition to the Mott-insulating state at
a critical U value. However, in spite of their distinct character,
the MIT happens concomitantly on both the ZZ and SB sites
in all cases, within numerical precision, similarly to what was
observed in the previous sections.

One can further observe a notable effect of the different
lattice parameters on the size of U required to trigger the MIT,
which is reduced by over 30% (from 2.2 to 1.5 eV) when using
the M2 lattice parameters (purple markers) compared to those
of the R cell (empty markers). When only the changes in either
c (half-filled blue markers) or γ (half-filled red markers) are
included individually, the reduction of the critical U is in be-
tween, indicating that both have a comparable and cooperative
effect on the MIT.

Finally, we also investigate how the changes of the unit
cell parameters affect the energetic stability of the M2 phase
using charge self-consistent DFT + DMFT calculations at
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FIG. 6. (a) The M2 structure of VO2, with the monoclinic angle
γ and the c axis strain highlighted by red and blue arrows, respec-
tively. V (O) atoms are shown in light (dark) gray. (b), (c) Local
spectral weight at zero frequency as a function of U for the SB and
ZZ bonds, respectively, with the M2 internal structural distortion
embedded in the R unit cell (empty markers), M2 unit cell (purple
markers), R unit cell with the M2 γ angle (half-filled red markers),
and the R unit cell with the M2 c lattice parameter (half-filled blue
markers). (d) Energy as a function of internal distortion between the
M2 and M1 structures embedded in the R (empty markers), and M2
(purple markers) unit cells at (U, J ) = (2.0, 0.1) eV.

(U, J ) = (2.0, 0.1) eV. In Fig. 6(d), we show the total energy
as a function of the M1–M2 internal distortion, once calcu-
lated with lattice parameters fixed to the M2 unit cell (purple
markers), and once calculated with lattice parameters fixed to
those of the R unit cell (empty markers). One can see that the
change in the lattice parameters has an important effect on the
energetic stabilization of the M2 phase. While the calculations

using the fixed M2 lattice parameters exhibit a local energy
minimum around the M2 structure, similar to the case shown
in Fig. 5(f), where the lattice parameters were interpolated
between the two limiting cases, the M2 structure becomes
energetically unstable within the R unit cell, yielding a qual-
itatively different picture depending on the lattice parameters
used. Nevertheless, in both cases, we obtain a lower energy
for the M1 structure compared to the M2 structure, consistent
with the M1 phase as the global zero temperature ground state
of the system.

B. Dimerization versus zigzag distortion

Next, we focus on the individual effects of the internal
zigzag and dimerization distortions present in the M2 phase of
VO2. Here, we consider two hypothetical, either exclusively
dimerized or exclusively zigzag-distorted structures. Specifi-
cally, we displace only the V atoms either along the c direction
or perpendicular to it (keeping the O positions as well as the
lattice parameters fixed to those of the R phase), and thus
impose either a dimerization (short-bond-inducing) distortion,
dSB, or a zigzag distortion, dZZ, on every chain in the structure.
The two resulting structures, termed “SB only” and “ZZ only,”
are shown in Figs. 7(a) and 7(b), highlighting the ZZ (red)
and SB (blue) V-V pairs. We note that the “SB-only” structure
of course also hosts LB sites, even though in our analysis we
focus on the singlet-hosting SB sites. Furthermore, due to their
construction, these hypothetical structures are more M1-like
than M2-like, in the sense that they host identical distortions
on all chains. They also both correspond to the same P21/c
space group as the M1 phase, which means that, since the ZZ
distortion is symmetry equivalent to the SB distortion, there
are in principle two inequivalent, albeit very similar, sets of
ZZ sites. Since these two types of ZZ sites do not yield any
notable qualitative differences, we only report results for one
type.

In Figs. 7(c)–7(e), we show the evolution of the spectral
weight at zero frequency, the orbital occupations, and the total
energy as a function of distortion d (dSB for SB only and
dZZ for ZZ only), measured as the displacement of a single
V atom in angstroms, calculated within charge self-consistent
DFT + DMFT using (U, J ) = (2.0, 0.1) eV. We note that
the M2 experimental structure hosts individual atomic dis-
placements of dSB = 0.18 Å and dZZ = 0.22 Å, and that the
M1 experimental structure corresponds to dSB = 0.14 Å and
dZZ = 0.15 Å, resulting in a total displacement of d = 0.21 Å
[we highlight this range of displacements in Figs. 7(c)–7(e)].

Focusing first on the SB-only structural distortion [full
lines in Figs. 7(c)–7(e)], we see that for increasing distor-
tion, the system initially remains in a metallic regime, with
a gradual electron redistribution into the a1g orbital. At dSB ≈
0.12 Å, an abrupt MIT is observed, accompanied by a sharp
change in orbital occupations, resulting in a fully occupied
a1g orbital on the short bond, i.e., similar to the MIT observed
in the M1 structure [30] and on the SB sites of M2 [Fig. 5(a)].
However, unlike in these cases, we do not observe an energy
lowering for the SB-only case, since the imposed distortion
does not respect the elastic coupling between adjacent V
chains, as previously discussed in Sec. II and indicated in
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FIG. 7. (a) V-V pair undergoing a pure dimerization distortion,
dSB, and the resulting hypothetical SB-only structure. (b) V-V pair
undergoing a pure zigzag distortion, dZZ, and the resulting hypothet-
ical ZZ-only structure. ZZ pairs are shown in red, and SB pairs are
shown in blue. V (O) atoms shown in (dark) gray. (c)–(e) Selected
observables calculated for SB-only (solid line, filled circles) and ZZ-
only (dashed line, empty circles) structures for increasing distortion
d using (U, J ) = (2.0, 0.1) eV. The approximate range of d values
corresponding to the experimental M1 and M2 phases is highlighted
in gray. (c) Spectral weight at zero frequency. (d) Orbital occupation
of the a1g (black) and eπ

g (cyan) orbitals. (e) Energy relative to the R
phase.

Fig. 1(c), where a dimerization along one chain directly in-
duces a zigzag distortion within the neighboring chain.

FIG. 8. (a) Spectral wight at zero frequency and (b) a1g occu-
pation as a function of U at J = 0.1 eV for SB-only (black, filled
circles), ZZ-only (black, dashed line), M1 (blue), and R (red) struc-
tures, and for the M2 SB site (dark green) and M2 ZZ site (light
green).

For the ZZ-only structure [dashed lines in Figs. 7(c)–7(e)],
we observe a rather different picture, since the system does not
undergo an MIT with increasing dZZ in the distortion range
studied, even under nearly twice the experimental M1 or M2
distortion. Instead, we see a gradual decrease in the spectral
weight at zero frequency, and a smooth change in orbital
occupation, tending toward half-occupied a1g and unoccupied
eπ

g bands. This is consistent with the proposal from Ref. [10]
that the zigzag distortion depletes the eπ

g orbitals, even though
this depletion is in fact weaker than for the SB-only distortion.
Similarly to the SB-only structure, the ZZ-only distortion
mode is energetically unfavorable. The absence of an insulat-
ing state in the ZZ chains even at large distortions compared
to the M2 phase indicates that the chosen value for the on-site
interaction U is too small to drive a Mott transition in this
case.

Next, we therefore investigate the effect of U on the MIT
in the different structural variants, exploring the evolution of
the properties as a function of the on-site interaction U at
J = 0.1 eV. This again corresponds to vertically traversing
the phase diagrams in Fig. 3, but for different structures. In
Fig. 8, we show the spectral weight at zero frequency and the
a1g occupation of one site in the hypothetical SB-only (black
filled markers) and ZZ-only (black empty markers) structures,
both at d = 0.2 Å, as well as in the M1 (blue line) and R (red
line) structures (data for both taken from Ref. [30]), and for
the M2 SB (dark green line) and M2 ZZ (light green line) sites.
The corresponding results for all structures are obtained from
noncharge self-consistent DFT + DMFT calculations using
an identical unit cell corresponding to the experimental R
lattice parameters.

033342-9



MLKVIK, SPALDIN, AND EDERER PHYSICAL REVIEW RESEARCH 8, 033342 (2026)

Similarly to Figs. 6(b) and 6(c), we observe two different
types of behaviors with increasing U . The SB sites in the SB-
only, the M2, and M1 structures undergo an MIT into a singlet
insulator with an occupation of two electrons in the a1g orbital
and a gradual decrease in spectral weight with increasing U ,
whereas the ZZ sites in the ZZ-only and M2 structures, as well
as the site in the R structure, exhibit a more abrupt MIT into a
singly occupied Mott insulator at some critical U .

Consistent with the results presented in the previous sec-
tions, the MIT occurs simultaneously at the same value of
U ≈ 2.2 eV on both the SB and ZZ sites in the M2 structure.
However, in the hypothetical SB-only and ZZ-only structures,
which contain only one type of site that becomes either singlet
or Mott insulating with increasing U , the corresponding MITs
occur at lower or higher U values, respectively, compared
to the M2 case, specifically at around 1.7 eV for SB-only
structure and around 2.3 eV for ZZ-only structure. Thus,
the ZZ-only structure indeed becomes insulating for a suf-
ficiently high U . One can further see that, compared to the
completely undistorted R structure, this critical U for the Mott
transition is significantly reduced (from around 3 eV for the
R phase), indicating that the ZZ distortion helps the system
become Mott insulating. Similarly, the M1 structure becomes
insulating at a slightly lower U value than the SB-only
structure.

The results shown in Fig. 8 thus suggest that, in principle,
the transition to the singlet insulator induced by the pure
dimerization distortion (as represented by dSB) can occur at
a lower U value than the Mott transition on the undimerized
ZZ chains, but that, due to a cross-coupling between the tran-
sitions in the M2 phase, they appear simultaneously at a U
value in between these limiting cases.

VI. SUMMARY AND OUTLOOK

In this work, we extended the application of the bond-
centered DFT + DMFT approach introduced in Ref. [30]
to study the M2 phase of VO2. For realistic values of the
interaction parameters U and J , we obtain a dual charac-
ter of the insulating state in the M2 phase of VO2, with
electron singlets forming on the dimerized vanadium chains,
similar to the case of the M1 phase, and a Mott-insulating
character on the undimerized zigzag-distorted chains. These
results are consistent with experimental observations and in
good agreement with previous studies using cluster DFT +
DMFT [15,16], albeit obtained at much lower computational
cost and without the need to prepattern the structure into
dimerized and undimerized V-V pairs. While a more de-
tailed comparison between our bond-centered DMFT and the
in principle more rigorous site-centered cluster DMFT re-
mains an interesting avenue for future studies, in particular,
regarding potential differences between our bond-centered
and the conventional site-centered description of the Mott-
insulating chains in the M2 phase, the results presented
here clearly demonstrate that the overall phenomenology
of VO2, in terms of both structural energetics and basic
spectral properties, is well described within bond-centered
DFT + DMFT.

Importantly, the use of bond-centered orbitals to represent
the correlated subspace allows us to explore all main phases

of VO2, and the structural distortions connecting them, within
one consistent computational framework. Our results indicate
that the MIT in the M2 phase always occurs simultaneously
on both the SB/LB and the ZZ chains, as a function of both
distortion and interaction strength, in spite of their differ-
ent insulating character, and that the insulating M2 phase
corresponds to a local energy minimum in the general struc-
tural phase space of VO2, but is higher in energy than the M1
phase.

Gradually distorting the structure between the energeti-
cally stable M2 and M1 structures, i.e., along a structural
path corresponding to the T phase of VO2, we observe a
single abrupt electronic transition between an M2-like and
an M1-like insulator. This appears consistent with the ex-
perimental observation of only one clear first-order phase
transition between the M2 and T phases, and only a contin-
uous crossover between T and M1 [13,33], and could suggest
that the T phase can essentially be viewed as a distorted
version of the M1 phase. However, further structural and
electronic characterization of these phases, and the transi-
tions between them, is needed to validate this. Similarly,
a more quantitative comparison with available experimen-
tal data, e.g., optical conductivity or other spectroscopic
data, would be desirable to further establish the quantitative
predictive capabilities of the bond-centered DFT + DMFT
approach.

By disentangling the different components of the M2 struc-
tural distortion, i.e., the deformation of the unit cell, the
dimerization, and the zigzag distortion, we showed that the
unit cell strain relative to the R phase is crucial for the
energetic stabilization of the M2 phase as an energy mini-
mum (this is not the case for the M1 phase; see Ref. [30]).
Furthermore, by considering the hypothetical SB-only and
ZZ-only structures, we showed that both the SB-only and
ZZ-only structures become insulating at different distortion
and U values, whereas in the M2 phase the two dif-
ferent insulator types become coupled and always appear
simultaneously.

In summary, our computational analysis of the physical
properties as a function of the general structural distortion
in VO2, including the M2 and T phases, provides valuable
insights into the long-standing problem of the coupled elec-
tronic and structural transition in VO2, and highlights the
importance of treating the entire structural phase space using
one consistent approach that allows to specifically study also
the transitions between the different observed phases. Since
the bond-centered DFT + DMFT approach treats each V-V
bond on equal footing and does not involve a prepattern-
ing of the underlying structure, it is particularly promising
to also assess the effects of, e.g., applied strain or defects
such as oxygen vacancies on the stability between different
phases and their electronic properties. Such future studies
can potentially provide valuable insights into how to opti-
mize the MIT in VO2 for different anticipated technological
applications.
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