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Correlation-induced emergent charge order in metallic vanadium dioxide
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Recent progress in the growth and characterization of thin-film VO2 has shown its electronic properties can
be significantly modulated by epitaxial matching. To throw new light on the concept of “Mott engineering,” we
develop a symmetry-consistent approach to treat structural distortions and electronic correlations in epitaxial
VO2 films under strain, and compare our design with direct experimental probes. We find strong evidence for
the emergence of correlation-driven charge order deep in the metallic phase, and our results indicate that exotic
phases of VO2 can be controlled with epitaxial stabilization.
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I. INTRODUCTION

The nature of the metal-insulator transition (MIT) in
VO2 has far reaching implications for both fundamental
physics [1–4] and blossoming applications in neuromorphic
computing [5–9]. From a fundamental viewpoint, the cor-
relation effects of 3d orbitals in transition metal oxides
exhibit rich ground-state properties ranging all the way from
metallic ferromagnets to wide-gap semi-conductors [10,11].
For instance, the MIT in VO2 is near room temperature, but
the isoelectronic compound NbO2 has a transition temper-
ature orders of magnitude higher [12,13], and TiO2 lacks
a transition entirely [14]. The origin of the MIT in VO2

remains contested [15] after years of study because neither
a Peierls [10,16,17] nor a Mott picture align entirely with
all the experimental evidence [18–24]. The scenario where
a Peierls distortion and Mott physics cooperatively lead to
the MIT has also been investigated extensively [25–31]. Re-
solving this issue has become even more pressing with the
advent of vanadium-based memristor technologies [32–35]
that could exploit Mott transitions for beyond von Neumann
computing [36]. While the resistivity switching in these new
memristors is achieved by driving in a nonequilibrium thermal
environment, disputes remain as to the origin of the switch-
ing [37]. This situation has redirected massive experimental
efforts towards understanding epitaxial VO2 thin films us-
ing TiO2 substrates, which offer the possibility of enhancing
electron correlation effects with severe strain even before the
Peierls distortion [38–44].

TiO2 is a wide-gap system (∼3.2eV) with a stable rutile
crystal structure at all temperatures, making it an excellent
substrate for VO2 thin film engineering. Because the c-axis
lattice constant of TiO2 is ∼3.8% longer than bulk VO2, strain
effects in epitaxial VO2 films can be modulated by choosing
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the growth direction on TiO2 substrates. It has been observed
that if the growth direction is perpendicular to the rutile
c-axis, e.g., VO2 [100] and VO2 [110], the elongation of the
c-axis of VO2 due to strain gives rise to stronger correlation
effects, resulting in a number of new phases including the
intermediate insulating M2 phase [42], an orbital selective
Mott state [41], and the enhancement of the lower Hubbard
band [43]. These results demonstrate that VO2 thin films are
a unique platform for “Mott engineering,” and can exhibit
richer correlation effects not observed in bulk VO2. However,
a theoretical description of the interplay between strain and
electron correlation is still far from complete [45]. A defini-
tive theoretical treatment of VO2 across different thin film
growth orientations within a common group representation is
necessary to address important questions such as the effects
of lattice symmetry breaking on electron-electron correlation,
phase diagrams of emerging electron states of matter, and so
on. In particular, the theoretical framework has to address
how lattice and orbital degrees of freedom are influenced
in thin films where geometrical degeneracies are lifted by
strain [46–48].

Here we determine the Bravais system that seamlessly
connects different strain conditions in VO2 grown on TiO2

substrates, and employ density functional theory with appro-
priate functionals that capture all relevant features of the MIT
in VO2 including the gap, magnetic order, energy hierarchy,
and so on [49–51]. With this methodology, we are able to
study systematically the evolution of correlation effects under
different strains. We show that our first-principles atomistic
models reproduce the experimental trends in the O K-edge
x-ray absorption spectrum (XAS) in VO2 [001], VO2 [100],
and VO2 [110]. As XAS is often used to detect charge dis-
proportionation [52,53], we contrast our theory against the
experiment and find strong evidence that, in highly strained
systems, a novel electronic charge order (CO) emerges in the
metallic rutile phase before the structural transition occurs
due directly to the interplay between electron-electron corre-
lation and local symmetry breaking arising from strain. This
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CO naturally leads to two independent vanadium positions
inside the rutile unit cell, paving the way for the occur-
rence of the M2 phase observed in previous experiments [42].
Our results demonstrate that strain-engineered VO2 thin
films are a unique correlated system allowing tunable Mott
correlation and a rich phase diagram featuring a strongly
correlated metal.

II. METHODS

Using TiO2 as a substrate, there are several possible growth
orientations for VO2 [55]. The growth and measurement
techniques employed in this work are detailed in Refs. [39]
and [40–42]. Here we will adhere to the standard naming
scheme where a Miller index in the rutile basis denotes
the common vector between both film and substrate and is
normal to the interface. This uniquely defines the considered
growth directions ([001], [100], and [110]). Because many
first-principles approaches implement symmetry mapping op-
erations to conserve computation, and because we want to
cross-compare simulations in different point groups, we de-
termine space group 6 (Pm) as the lowest common Bravais
lattice for the [001], [100], and [110] films. This ensures
that no artificial symmetry is enforced or broken in the sim-
ulation while the self-consistency condition is reached. A
similar approach was applied in the sister compound NbO2

to investigate structural effects across a metal-to-insulator
transition [56].

The lattice parameters for the [001] and [100] growth ori-
entations can be calculated straightforwardly in the original
rutile atomic basis because it is commensurate with the rutile
TiO2 symmetry, however, to simulate the [110] growth condi-
tion, a linear map is applied to the VO2 basis defined by

M =
⎛
⎝

1 1 0
−1 1 0
0 0 1

⎞
⎠. (1)

This defines the growth direction along the crystallographic
b-axis as shown in Fig. 1. If the volume of bulk VO2

is �, the growth direction lattice vector of VO2 can be
determined as

aVO2
3 = �

aTiO2
1 · aTiO2

2

. (2)

In Eq. (2) the numerical subscripts can be permuted as needed
to represent the out of plane direction depending on the growth
orientation. To determine the new lattice vectors, the same
map M is applied to the TiO2 lattice vectors, the in-plane
vectors are matched, and the out-of-plane vector is determined
with Eq. (2). Then the inverse map M−1 is applied. This
procedure keeps the atomic basis the same, but may change
the lattice vectors and the angles. The experimental film char-
acterization is given in Ref. [42] and the parameters used in
the simulation are given in Table I.

The electronic structure simulations were performed
within the WIEN2K [57] ecosystem. In the occupation number
calculations, a 20 000 k-point sampling was used with an
RKmax of 7.2. The RMT’s were fixed to 1.82 and 1.65 a.u.
for vanadium and oxygen, respectively, and the GMAX was
set to 14. This is necessary so that the mixed basis sets used in

FIG. 1. Rutile VO2 shown in transformed basis (growth
condition). [110] growth affects the two vanadium positions differ-
ently by modulating either apical or equatorial bond distances. Image
by VESTA [54].

the computation are consistent. Several exchange-correlation
functionals are compared including Perdew Burke-Ernzerhof
(PBE) [58], modified Becke-Johnson (mBJ) [59], and strongly
constrained and appropriately normed (SCAN) [60]. Spin or-
bit coupling is known to be a negligible energy scale and no
magnetic ordering was stabilized.

Being that quantum mechanics only defines a continu-
ous charge density distribution, the definition of how much
charge is assigned to a specific atom is a subtle question [61]
that has been approached in many ways. For example, Mul-
liken [62], Bader [63], and Hirshfeld [64] all have well-known
methods. We choose here the density matrix formalism. In the
full-potential-linear-augmented-plane-wave method [65], the
Kohn-Sham eigenfunctions |ψi〉 have some components that
are atomic-like and can be written as linear combinations of
spherical harmonics in the commonly accepted way |lmσ 〉.
These are defined inside a radial basin of radius RMT . Defining
the density matrix as

n̂lmm′σσ ′ =
∑
εi�Ef

〈lm′σ ′|ψi〉〈ψi|lmσ 〉, (3)

the density of electrons in the d level nd can be calculated
by tracing out the orbitals as Tr[n̂d ]. This allows for a quan-
titatively consistent definition of the radial wave function
assigned to each atomic site across all structural phases. In this
way, the amount of charge around a given atom is consistently
monitored as the strain is applied.

In defining the d orbitals, we follow the conventions laid
down in the seminal work by Eyert [10]. Because there are

TABLE I. Lattice parameters used in strain simulation.

Parameter Bulk [001] [100] [110]a

a (Å) 4.55460 4.59330 4.35141 4.47399
b (Å) 4.55460 4.59330 4.59330 4.47399
c (Å) 2.85140 2.80355 2.95940 2.95940

aIn this case the monoclinic angle is γ ≈ 93.1◦.
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FIG. 2. (a) Strain-induced spectral properties (E‖cR) adapted from Quackenbush et al. [42]. The temperature dependence of the oxygen
K-edge across the transitions show that dimerization is differentiable from charge/orbital ordering by comparing against VO2 (R) [001] (dashed
line). (b) The enhancement in the peak at ≈530.5 eV compared to the bulk phase is a signature of inequivalent vanadium positions [42],
and the corresponding vanadium L-edge has been used to show strain-induced orbital selectivity [43]. The measurement was taken deep
inside the metallic state, and yet signatures of vanadium differentiation are observed, providing strong evidence for the onset of correlation
stabilized charge order. (c) mBJ level simulation of VO2(R) oxygen K-edge demonstrating the response of electronic structure to strain results
in experimentally observed spectral features.

two different local octahedral environments for vanadium
with respect to the global crystallographic system as shown
in Fig. 1, the convention is to orient the local coordinate
systems such that the z axis points along either the [110] or
the [11̄0] directions for V2 and V1, respectively. This choice
is ensures the dxy and the dz2 orbitals form the eg manifold and
lie higher in energy than the remaining three that form the t2g

manifold.

III. RESULTS

The effect on the electronic structure in response to lattice
symmetry breaking is found by contrasting the experimental
and simulated XAS summarized in Fig. 2. While it is well
known that the 530.5 eV peak is enhanced in the M2 phase
relative to the rutile phase [42] and the M2 phase is known
to have two inequivalent vanadium sites, we stress that this is
not an observation of the M2 phase as evidenced by Figs. 2(a)
and 3(a). In Fig. 2(b), different growth orientations within
the rutile phase (the measurement was performed well above
the transition temperature in high quality films) enhance the
530.5 eV spectral feature—a strong fingerprint that vanadium
differentiation has developed. One might expect that, since
the [110] growth orientation can break the V1-V2 equivalency
directly, the observed features are simply a result of lattice
symmetry breaking, however, as is shown in Fig 3(b), with-
out considering nonlocal correlations, there is no splitting in
the spectral function of unoccupied states. This means the
spectral weight transfer is a direct result of lattice and corre-
lation interplay that is strongly enhanced in the [110] growth
because neither alone can reproduce the experiment. We ad-
ditionally see similar effects in the [100] growth orientation
where explicit lattice symmetry breaking does not occur, but
spectral signatures of correlation enhancement persist [43,44].
Ultimately, the evolution of the XAS waveform represents an
experimental signature that nonlocal correlations have broken
the equivalence between the two vanadium sites in the rutile

phase and the spectral features are qualitatively reproduced by
a first-principles analysis.

Figure 3(b) shows the density of states for the t2g mani-
fold where it is observed that [110] epitaxial growth modifies
the d · p orbital hybridization differently for V1 and V2.
For the octohedra oriented along the growth direction, the
apical bond distance is shortened. For V1, the dxz orbital lies
along this compressed axis, increasing the hybridization as
pushing the energy higher. The opposite effect is seen for
V2, where because the dxz is rotated 90◦ about the rutile
c-axis, the hybridization is decreased relative to the unstrained
sample, ultimately lowering the onsite energy. For the other
four d orbitals, the V1 spectral function is lowered, while the
V2 spectral function is raised in energy. The high-energy eg

manifold is not shown because the weight at the chemical
potential of these orbitals is small. One can see, however,
that even in the strained case, the t2g weight at the Fermi
level is roughly equal for each vanadium at the generalized
gradient approximation (GGA) level. However, with a func-
tional that correctly predicts every other facet of VO2 such
as mBJ [49], we find charge order developing in the low-
lying manifold, and the only assumption we drop that others
have made is that V1 is strictly equivalent to V2 in strained
metallic samples. This redistribution of spectral weight has
the additional consequence of modulating orbital occupation
as shown in Fig. 3(c), where we show that another semi-local
approximation containing a kinetic energy density term such
as SCAN enhances the difference between the two vanadium
sites. We conclude that even though symmetry breaking can
occur at the level of the lattice, the electron-ion dynamics
in VO2 are deeply intertwined, and also that correlation ef-
fects can stabilize a previously undiscovered charge order in
metallic VO2.

IV. DISCUSSION

Our theoretical and experimental results support the co-
operative scenario for VO2 that both structural distortion and
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FIG. 3. (a) The charge density map shows density differentiation
(mBJ level) and the bar plot shows the occupation difference between
the two vanadium sites averaged over different volume conservation
conditions. Nonlocal correlations enhance the difference, as do (100)
and (110) growth conditions, demonstrating the Mott condition can
be engineered by strain. (b) The low-lying vanadium d manifold is
split in the strained case by nonlocal correlations (mBJ). The PBE
result for bulk rutile VO2 is shown in grey, where even in the presence
of lattice symmetry breaking this is the negligible difference between
V1 and V2 at the Fermi energy. (c) A proposed phase diagram of
VO2 is shown with preemptive charge ordering occurring before the
Peierls transition where charge/orbital ordering is accessed through
epitaxial stabilization.

electron correlation are important for the MIT mechanism. In
the metallic rutile phase, although the structural changes due
to strain have large effects on the electronic properties, this is
not sufficient to satisfy the Mott criterion and induce a Mott
transition. Nevertheless, electron-electron interactions are still
very important and the emergence of charge order in the
phase diagram of VO2 films discovered here echoes the charge
density wave states observed in various correlated materials
including high-temperature cuprate superconductors [66–70]
and transition metal dichalcogenides [71]. It was shown that
bulk VO2 has a charge density wave (CDW) instability ex-
hibited in the momentum density distribution function [72],
but it is not strong enough to induce a CDW order. Moreover,
we find that the phases observed in VO2 thin films can be
nicely understood as intertwined orders [Fig. 3(c)] between
the electronic and structural orders, resembling the phase

diagram of the pseudogap in cuprates [73]. In descending
from the high-temperature phase, the charge order emerges
as a preemptive order, followed by an orbital selective Mott
state (OSMT). As the temperature is further lowered to the
metal-to-insulator transition temperature TMIT, the electronic
CDW/OSMT order is further intertwined with the partial
Peierls instability of the M2 structure and eventually vanishes
in the M1 structure with full dimerization. The existence of
the CDW in the M2 phase was suggested in previous work as
well [74]. Our work indicates that strain-engineered, thin-film
VO2 is indeed a strongly correlated system whose correlation
can be modulated.

V. CONCLUSION

By interrogating the role of nonlocal correlations in epi-
taxially strained VO2 with first-principles plus experimental
probes, we find emergent charge order deep in the metallic
phase. The existence of nondegenerate vanadium positions
induced by strain and enhanced by correlation attests to the
importance of Mott physics in the complete phase diagram of
thin-film VO2. Although rutile VO2 under the largest strain
enabled by a TiO2 substrate cannot become a canonical Mott
insulator, electron-electron interactions still result in novel
electronic states such as orbital selective Mott states and
charge order, hallmarks of the strongly correlated system.
Exciting future applications of the VO2 transition rest on
whether or not there exists a fast electronic transition with
less reliance on structural transitions, and our work quantifies
the strain effects in epitaxially grown thin films. The [001]
growth orientation is most bulk-like based on occupancy of
the d-manifold and absorption lines, while the [001] and [110]
begin to show enhanced correlation effects and spectral fea-
tures. All of these aspects could have an important impact on
designing next-generation memristors utilizing the metal-to-
insulator transition of quantum materials.
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