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X-ray absorption fine structure data of tungsten (VI)–doped vanadium dioxide in the insulating phase,

and during the metal-insulator transition, are presented for the first time. Tungsten LIII- and vanadium

K-edge data suggest that significant expansion in the [110] and ½1�10� directions occurs across the phase

transition from low to high temperature. This distortion breaks the bonds between Peierls-paired

vanadium ions, opening a band gap, and reveals the nature of the mechanism by which tungsten doping

lowers the transition temperature and enthalpy.
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The origin of the driving force(s) behind the metal-
insulator transition (MIT) of VO2 has been something of
a mystery for decades. The transition is characterized by a
crystal structure change from high-temperature tetrago-
nal P42=mnm (136)—the rutile structure—to a low-
temperature monoclinic P21=c (12) at 340 K correspond-
ing to V4þ cations along the rutile c axis forming homo-
polar bonds, and undergoing a structural twist [1,2] (see
Fig. 1). This decrease in symmetry and the creation of a
bonding-antibonding pair result in a band gap opening.
Such a structural change is characteristic of a Peierls-
type transition in that it seems to be totally structurally
driven, however, there is also considerable evidence for
what is seen as a competing mechanism. In a Mott-type
MIT the band gap opens due to strong electron-electron
correlations rather than phonon or electron-phonon inter-
action contributions. While the crystal structure change of
VO2 suggests that the MIT is the result of phonon mode
softening, a perspective which is supported by both experi-
mental data [3,4] and computational work [5–7], the di-
vergence of the quasiparticle mass in particular, as the
structure changes from high to low symmetry, points to
the significant role played by electron correlations [8,9].
Both mechanisms therefore have voluminous amounts of
theoretical and experimental evidence [1], and in recent
times this has led to the recognition that both mechanisms
are active and the transition is viewed as a Mott-assisted
Peierls MIT, and vice versa [8,10–12].

However, the exact interplay of the two mechanisms is
still a subject of considerable debate. Specifically, the
unresolved question seems to be, How can a Peierls
(Mott) mechanism generate the behavior characteristic of
a Mott (Peierls) MIT?

In this Letter we present x-ray absorption fine structure
(XAFS) spectrometry data on tungsten-doped VO2 in an
attempt to gain new insight into the nature of the MIT by
investigating, for the first time, the local structure of both
vanadium and tungsten below and during the transition. It
is well known that the introduction of dopants can have a
significant effect on the MIT of VO2. Tungsten (VI) in

particular has received much practical attention due to its
lowering of the transition temperature by approximately
23–26 K=dopant percent [13–16], while Cr(VI) has re-
ceived similar attention from theorists due to its role in
the formation of the transitional C2=m M2 structure
[17,18].
We find that the influence of theW6þ dopant on the local

structure manifests as the formation of regions of tetrago-
nal symmetry, which propagate through corner sharing to
neighboring unit cells, while stress through the apical oxy-
gens propagates to the neighboring sublattices, resulting in
a strain on the V-V homopolar bonds. This and the vana-
dium K-edge data of a sample undergoing its MIT provide
convincing evidence that the MIT is structurally driven:
approaching the transition from low temperature results in

FIG. 1 (color online). Identical perspectives of the low-
temperature monoclinic structure (top) and the high-temperature
tetragonal structure of VO2 (bottom), showing the Peierls pairing
and the slight twist of the V(IV) ions (light gray) in the mono-
clinic form along the equivalent of the tetragonal c axis.
Important vanadium-vanadium XAFS scattering distances are
marked with arrows.
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significant expansion of the crystal structure in the ½110�R
and ½1�10�R directions of the rutile unit cell which (to the
best of our knowledge) has no literary precedent. The
expansion strains the V-V homopolar bonds of the neigh-
boring sublattice, in the same manner as an externally
applied uniaxial stress was found to [19], causing them
to break. We postulate that the close proximity of the
resultant metallic doublets of the dx2�y2 orbitals, in what

may be a correlated metal species [20], results in scattering
which modifies the quasiparticle masses and lifetimes.

Tungsten-doped VO2 powders were prepared by react-
ing aspartic acid with V2O5 in aqueous solution in the
presence of the required amount of Na2WO4 [21] to pro-
duce 0.5%, 1.0%, and 1.9% W-doped samples. The result-
ant amorphous product was calcined under argon at either
800 �C for 8 hours in the case of the 0.5% doped sample or
both 800 �C and 950 �C for 8 hours each for the 1.0% and
1.9% doped samples. X-ray diffraction was used to char-
acterize the phase homogeneity, and the phase transition
characteristics of transition temperature and enthalpy were
confirmed with differential scanning calorimetry. XAFS
data at the tungsten LIII and vanadium K edges were
obtained in fluorescence mode at ambient temperature
(24 �C) on beam line 20B at the Photon Factory in
Tsukuba, Japan.

VanadiumK-edge data in R space of a 1% doped sample
of VO2 well below its MIT [Fig. 2(a)] were fitted with both
the monoclinic and tetragonal structures using the program
ARTEMIS. The V-V1, V-V2, and V-V3 distances are only in

good agreement with those calculated for the monoclinic
structure, although the magnitudes of the peaks are a less
complete match, and the multiple k weighting used in the
fitting procedure resolves the V-V2 peak more clearly with
respect to the experimental data, which are k3 weighted
only. The tungsten LIII-edge data, however [Fig. 2(b)],
manifest very different characteristic distances. The
R-space data match very closely those obtained by Tang
et al. [13] for 5% tungsten-doped VO2 at the W LIII edge,
with strong peaks at 1.47 Å, 2.77 Å, and 3.22 Å corre-
sponding to W-O, W-V1, and W-V2 scattering paths, re-
spectively. The W-V1 peak expected from a monoclinic
structure around the tungsten core is completely missing;
instead the spectrum manifests only two W-V distances in
the range 2–4 Å.

This symmetry is characteristic of a tetragonal structure,
and in a recent computational study [7], it was predicted
that the local environment of tungsten dopant in the low-
temperature phase is approximated by that of vanadium in
the high-temperature phase. Replacing the vanadium core
in the tetragonal FEFF input file with tungsten resulted in a
good fit to the first two shells, a Jahn-Teller distorted
doubly degenerate oxygen shell, and a fourfold degenerate
oxygen shell, although the fit for longer paths was again

poor. Fitting the data between 2 �A< r < 4 �A with only
those paths calculated to fall within this range shows a
good fit for the W-V1 and W-V2 distances, confirming that

the local environment of the dopant is that of a rutile
structure. A comparison of Figs. 2(a) and 2(c) also suggests
that the rutile structure around the dopant results in a
longer scattering path to the V3 ion of the monoclinic
structure. Therefore, as predicted computationally [7],
the structure observed not only exhibits higher symmetry
but also an increase in cationic spacing.
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FIG. 2 (color online). (a) Vanadium K-edge XAFS data in R
space of a 1% W-doped VO2 sample (blue line with dots) in the
insulating state, with the corresponding multiple k-weight fit
using the M1 structure (green line). (b) Fourier transform of the
k3-weighted W LIII-edge data of a 1% doped W-doped VO2

sample below the MIT fitted independently with the first two
Jahn-Teller distorted oxygen shells with a W LIII hole, the VO2

rutile structure from 2 to 4 Å with a V K hole, and the rutile
structure from 2 to 4 Å with a W LIII hole. (c) Fourier transform
of the k3-weighted W LIII data of three samples of 0.5%, 1.0%,
and 1.9% W-doped VO2 between 2 and 4 Å, showing the static
W-V1 distance, and increasing W-V2 distance as a function of
dopant loading.
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The adoption of this symmetry is unsurprising, as the
dopant added was aW6þ species, and has no valence elec-
trons with which to bond to neighboring vanadium cations.
The shorter Peierls pairing distance is therefore not ex-
pected, and the two closest V4þ cations will be arranged
symmetrically around the tungsten. This W6þ dopant will
also not donate any electrons to neighboring vanadium
cations, as postulated for a W4þ dopant [13], and it cannot
activate the insulating phase via charge compensation since
V4þ already has a partially filled band. Therefore its influ-
ence on neighboring cells will be structural in nature only.
This influence becomes more pronounced upon further
doping, as Fig. 2(c) demonstrates. Increasing the dopant
loading from 0.5%, to 1%, to 1.9% results in increasing
resolution between the W-V1 and W-V2 peaks, suggesting
expansion of the rutile unit cell structure around the tung-
sten core. However, closer inspection of the peaks shows
that the W-V1 distance remains static, and only the W-V2
distance is increasing. This suggests that the expansion has
no component in the c axis of the rutile cell. The structural
distortion is therefore in the ½110�R and ½1�10�R directions.

Many years ago Pouget et al. [19] applied uniaxial
stresses along the ½110�R direction of pure VO2 samples
and found that this induced depairing of the homopolar
bonded vanadium ions in one of the two sublattices, as the
stress will propagate through the apical oxygens and result
in a strain on the V-V bond, decreasing dk orbital overlap.
This results in the formation of the transitional M2 struc-
ture, in which only half of the Peierls pairings are broken.
This work, combined with the well-known facilitation of
the phase transition by tungsten, and the experimental data
suggest that a similar mechanism is occurring in W-doped
VO2. In this case, the strain will occur on both sublattices,
as the XAFS data indicate that the expansion is in both
directions; otherwise the W-V2 peak would split, and this
is not observed. Corner sharing of the vanadium ions with
respect to the rutile cell will result in the expansion prop-
agating to neighboring cells along the c axis. The dopant
therefore results in the transfer of strain to the V-V bonds in
the neighboring sublattice through its own and neighboring
unit cells along the c axis, which suggests the creation of
nucleation sites for the MIT. Also of note is the higher
symmetry of the oxygen octahedral coordination around
the tungsten in comparison to the vanadium, indicating that
the oxygens are arranged in the higher symmetry form of
the rutile cell, rather than the distorted octahedron ex-
pected for the monoclinic phase.

This expansion is echoed in the vanadium K-edge data
of a sample undergoing its MIT (Fig. 3). This sample was
doped with 1.9% tungsten, and experiences a sharp first
order phase transition at 23:3 �C [21] and is compared to a
1%W-doped sample which is well below its MIT. The V-O
scattering paths show much greater overlap, analogous to
the W LIII data, indicating greater symmetry of the oxy-
gens about the vanadium. This increased symmetry de-
creases Vd-Op hybridization, lowering the energy of the

�� bands. The increase in V-V3 distance, which is analo-
gous to the W-V2 distance, is also observed, indicating that
like the doped unit cells well below the MIT, the undoped
cells experience expansion towards the corners of the rutile
cell. However, the peak well below the phase transition is a
combination of the V-V2 and V-V3 peaks, while the peak
in the transitional structure shows splitting, indicating that
the V-V2 peak is static while the V-V3 peak shifts, again
illustrating that the expansion has no c component (due to
the static V-V2 distance) and is therefore in the ½110�R and
½1�10�R directions.
Of particular note is the static V-V1 peak of the Peierls-

paired vanadium ions, which does not show a change in
intensity, indicating that the expansion of the unit cell
orthogonal to the c axis occurs before the V-V bonds break.
Fitting of the spectrum with the transitional C2=m M2

structure [1] showed very poor correlation. This is almost
certainly due to the fact that theM2 structure does not show
the expansion in the ½110�R and ½1�10�R directions of the
experimental data. Additionally, in the M2 structure the V-
V bonds on one of the sublattices are broken, and thus it is
V-V1 which changes, as half of the V-V1 distances become
V-V2 paths. Therefore in the transitional state of Fig. 2(a)
the V-V3 paths manifest at too high a path length, while the
intensities of the V-V1 and V-V2 peaks are a very poor
match to the M2 structure. This does not preclude the
formation of the M2 structure as a transitional state, how-
ever, once the V-V bonds begin to break, although more
recent work [22] suggests that the MIT occurs without
passing through the M2 structure. These data are convinc-
ing evidence that it is the expansion which causes V-V
bond cleavage due to decreasing dk orbital overlap, and not
the converse.
The XAFS data therefore indicate that in going from an

insulator to a metal, the VO2 structure shows an expansion
in the ½110�R and ½1�10�R directions. This is accompanied
by ‘‘detwisting’’ of the vanadium octahedra, indicated by
reduced distortion manifesting as increasing symmetry of
the V-O distances. This expansion will propagate through
the apical oxygens of the octahedra to the neighboring
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FIG. 3 (color online). Vanadium K-edge data of a 1% doped
sample below its MIT juxtaposed with a 1.9% doped sample
undergoing its MIT.
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sublattice, inducing a strain on the V-V homopolar bonds
of the c axis, decreasing orbital overlap and resulting in
depairing of the vanadium ions. Because of the biaxial
nature of the expansion, the strain is experienced by both
sublattices in theM1 structure, and any formation of theM2

structure will be transitional, as both sublattices will expe-
rience V-V depairing. The structural bottleneck observed
in ultrafast microscopy experiments [4] may therefore be
the detwisted, higher symmetry structure of Fig. 3, before
the V-V bonds break.

Such distortion is supported by the calculations of
Gervais and Kress [5], who found a softening of the rutile
structure at the R point, and the phonon eigenvectors of the
lowest frequency mode are exactly those that would mani-
fest if the above structural transition was reversed.
Therefore the experimental data presented here combined
with computational work [5–7] suggest that the driving
force for the unit cell expansion is phonon hardening.

Given that two lobes of the vanadium dx2�y2 orbitals are

oriented along the rutile c axis [1], as the unit cell contracts
(expands) along this axis the increasing (decreasing) prox-
imities of the orbitals will result in increasing (decreasing)
scattering which contributes to the self-energy, which is
related to the Green’s function (propagator) [23] by the
Dyson equation:

G ¼ G0 þG0�G; (1)

where G0 and G are the bare and dressed propagators,
respectively, and � is the self-energy. This change in
self-energy modifies the renormalized quasiparticle den-
sity of states and therefore the quasiparticle mass [23].
Therefore, in concert with the structural distortion from
low frequency phonon mode softening [5–7], changes in
quasiparticle mass and lifetime are expected which may
explain the divergent effective mass with decreasing tem-
perature observed by other authors [8,9].

The giant transfer of spectral weight across the transition
[11] is recognized as the breaking of the V-V bond, result-
ing in a charge redistribution around the V ions, which
becomes more isotropic. The transitions to the antibonding
dk orbital disappear above the MIT, as the bonding-

antibonding pair is destroyed, and the dk gap closes. The

observation that the orbital switching upon cooling can
only be made if the system is close to a Mott insulating
[8,10] regime is also consistent with the interpretation
above, as electron scattering will be induced before
Peierls pairing occurs. The picture of areas of high lattice
distortion induced by temperature (and by tungsten dop-
ing) and resulting in high localized strains on V-V bonds is
consistent with metallic nanopuddle behavior [9], as the W
sites will act as nuclei for the puddles, which eventually
percolate, and the material completely transforms.

The puzzling trend of decreasing enthalpy with decreas-
ing phase transition temperature in W-doped VO2 can also
now be explained [15,21]. The inserted dopant causes
lattice deformations towards the high-temperature struc-
ture which reduce the amount of work which must be done

across the phase transition. The energy required therefore
lowers as dopant amount increases. This also suggests that
the amount of energy needed to successfully dope the
structure will increase with increasing dopant loading,
which has been noticed during some syntheses [21].
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