
PHYSICAL REVIEW B 95, 075433 (2017)

Polymorph separation induced by angle distortion and electron delocalization
effect via orbital modification in VO2 epitaxial thin films

Bin Hong,1 Kai Hu,1 Zhuchen Tao,2 Jiangtao Zhao,1 Nan Pan,3 Xiaoping Wang,3 Minghui Lu,4 Yuanjun Yang,1,2,*

Zhenlin Luo,1,2,† and Chen Gao1,2,‡
1National Synchrotron Radiation Laboratory, Collaborative Innovation Center of Chemistry for Energy Materials,

University of Science and Technology of China, Hefei, Anhui 230029, People’s Republic of China
2CAS Key Laboratory of Materials for Energy Conversion, Department of Materials Science and Engineering,

University of Science and Technology of China, Hefei, Anhui 230026, People’s Republic of China
3Hefei National Laboratory for Physical Sciences at the Microscale, University of Science and Technology of China,

Hefei, Anhui 230026, People’s Republic of China
4Nanjing University, College of Engineering and Applied Science, Nanjing, Jiangsu 210093, People’s Republic of China

(Received 13 November 2016; revised manuscript received 3 February 2017; published 27 February 2017)

Since Morin discovered that vanadium dioxide (VO2) undergoes a reversible and dramatic structural phase
transition coupled with an abrupt metal-insulator transition, extensive attention has been paid to VO2 due to its
importance in fundamental condensed state physics and its potential technological applications. Here, we observed
that the precipitated phases of VO2 (insulating and metallic polymorphs) could be controlled by relaxing the
dimerization of the vanadium-vanadium (V-V) atomic chain. In particular, the monoclinic metallic phase can be
stabilized even at room temperature with the assistance of the angle-distortion-induced (β = 120◦) metallization
through symmetry matching between the VO2 epitaxial thin films and the (0001)-oriented sapphire substrates.
Concomitantly, the insulating phase (M1, β = 122.6◦) that separates from the metallic matrix may supply another
driving force for stabilizing the metallic phase, as indicated by scattering-type scanning near-field optical infrared
microscopy and further confirmed by synchrotron radiation high-resolution x-ray diffraction characterizations.
Soft x-ray absorption spectroscopy results showed that the orbital features of the monoclinic metallic phase are
analogous to those of the high-temperature metallic rutile VO2 (R) phase. First-principles calculations further
demonstrate the angle-distortion-induced reduction of the V-V atomic dimerization, which enhances the electron
delocalization and thus the conductivity. Therefore, the angle distortion results in the metallic monoclinic phase
and stabilizes it with the assistance of the nanoscale insulating VO2 (M1) domains at room temperature. These
results are of great importance for understanding the contributions of various polymorphs to the metal-insulator
transition and for the design of novel artificially heterointerfacial devices based on VO2 nanoscale polymorphs.
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I. INTRODUCTION

The prototypical electron-correlated insulator vanadium
dioxide (VO2) exhibits a reversible and abrupt metal-insulator
transition (MIT) at approximately 341 K in the bulk coupled
with a structural phase transition (SPT) from the high-
temperature rutile VO2 (R) phase to the low-temperature mon-
oclinic VO2 (M1) phase [1]. This material has been of broad
interest for potential applications due to its sharp changes
in infrared optical and resistive properties, which allow the
use of VO2 for infrared detectors [2], smart windows [3–5],
field-effect transistors [6,7], memory devices [8,9], etc. On
the other hand, the coupling mechanism of the structural and
electronic transformations and their contributions to the metal-
insulator transition are the basic problems in fundamental
condensed matter physics [9–13]. To date, many experimental
and theoretical studies have been conducted over the past 50
years to investigate these questions. Basically, two criteria
have been claimed: a Peierls MIT driven by SPT through
electron-lattice interactions and a Mott MIT driven by charge
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localization through electron-electron correlations [11,12,14–
18]. However, the controversy has been continuing.

So far, numerous efforts have been directed at control-
ling the MIT behaviors (e.g., the critical temperature Tc

of ∼341 K in bulk VO2). Some effective approaches for
the manipulation of the MIT have been developed, such
as the use of strain [19–23], optical fields [24,25], oxygen
vacancies [26], doping [27,28], and electric fields [29–32].
However, the driving force and mechanism of the MIT under
multifields are controversial and not well understood [32].
The abrupt MIT may be closely related to the formation
of the V-V atom chains, corresponding to a change from a
straight chain in the high-temperature metallic rutile phase to
a zigzag chain with dimerized V atoms in the low-temperature
insulating monoclinic phase [32–36]. Recently, many results
also provided some conclusive evidence that a metastable
anomalous metallic phase exists in the monoclinic VO2

(M1) insulating phase [37–40]. The team of Siwick obtained
metallic metastable states by the ultrafast photoinducing
method in monoclinic VO2 (M1) insulating phase [25]. Stähler
et al. also demonstrated that the band gap of the insulating
VO2 (M1) collapses instantaneously to the delocalized states
due to the photoexcitation of carriers from the localized
vanadium 3d valence states, and their calculation results
confirmed this physics picture as well [38]. Arcangeletti et al.
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found that the vanadium atoms rearrangement induces band
gap collapses in the monoclinic VO2 (M1) phase at room
temperature but appears with the assistance of high pressure
(>10 GPa) [41]. Bai et al. recently discussed the metallization
mechanism based on the proposed crystal structure, and their
results indicated that the metallization arises from several new
phases (e.g., X phase VO2, baddeleyite-like structure) under
high pressure rather than from normal M1 phase VO2 [40].
Therefore, understanding the metallization process and mech-
anism at room temperature within the insulating monoclinic
phase VO2 (M1) is very important for understanding the
mechanism of the MIT. However, this question has been
incompletely studied so far in the VO2 system. Furthermore,
due to the recent advances in the deposition techniques and
the large demands placed on thin-film devices based on
VO2, a considerable amount of work has focused on the
VO2 epitaxial thin films with superior crystal quality [42,43].
Meanwhile, for the VO2 epitaxial thin films, the roles of the
strain and nanoscale morphology of VO2 thin films become
prominent, dramatically affecting the behaviors and even the
distinct mechanisms of the MIT [21,44–46]. Herein, we exper-
imentally observed the angle-distortion-induced polymorph
separations and metallization (β = 120◦) in the abnormal
mixed-phase VO2 epitaxial thin films without the assistance of
high pressures or an ultrafast laser. Importantly, the metallic
state can be stabilized at room temperature. Moreover, the
insulating monoclinic phase (M1, β = 122.6◦) separates from
the metallic monoclinic phase (β = 120◦). Synchrotron radi-
ation x-ray absorption spectroscopy (XAS), x-ray diffraction
(XRD), and first-principles calculations further demonstrated
that the angle distortion reduces the V-V atomic dimerization,
enhancing the electron delocalization behavior. In addition,
the orbital features of the mixed-phase VO2 thin films are
analogous to those of the high-temperature metallic rutile VO2

(R) crystalline structure.

II. RESULTS AND DISCUSSION

In this work, through the optimization of the deposition
conditions (see experimental and theoretical methods), abnor-
mal VO2 epitaxial thin films with the angle distortions were
obtained due to the symmetry mismatch between monoclinic
VO2 thin film and hexagonal sapphire substrate and also the
growth process (grown at high temperature and then cooling
down to room temperature). The film thickness of approx-
imately 120 nm was measured using x-ray reflectivity (see
Supplemental Material, Fig. S1 [47]). The electrical transport
properties were measured for the normal VO2 (M1 phase) and
abnormal VO2 thin films as shown in Figs. 1(a) and 1(b).
The temperature-dependent resistivity of VO2 (M1) is in good
agreement with the literature results [21], also demonstrating
the MIT critical temperature of ∼339 K. However, for the
abnormal VO2 thin films, the resistivity vs temperature curve
exhibits metallic characteristics with lower resistivity (∼10−2

to 10−3 � cm) than that of the normal M1 VO2 thin films
(∼102 to 10−2 � cm) in the relevant temperature range.
More interestingly, there is still a subtle phase transition [as
shown in the inset of Fig. 1(a)]. We further checked that
this subtle phase transition in the ensemble measurements
originate from M1-phase islands by temperature-dependent

scanning near-field microwave microscopy measurements (see
Supplemental Material, Fig. S2). The corresponding critical
temperatures are Theating ∼ 351 K and Tcooling ∼ 341 K during
the heating and cooling cycles, as obtained from the differential
resistivity-temperature curves in Fig. 1(b).

To investigate the aforementioned abnormal behaviors of
the MIT, the surface morphology was first characterized.
A large amount of self-organized domain patterns separate
out from the matrix of the VO2 thin films, as observed by
atomic force microscope (AFM) characterization and shown
in Fig. 1(c). The domains are randomly distributed. The
magnified image in Fig. 1(d) quantitatively showed that the
domains are uniform with a diameter of ∼200 nm and height of
∼127 nm. Furthermore, previous experimental investigations
in recent years have revealed that many transition-metal oxides
are inhomogeneous at the nanoscale and even microscale, and
the inhomogeneity directly influences their properties such
as MIT and colossal magnetoresistance [44,45,48,49]. For
example, Qazilbash et al. directly observed the coexistence of
insulating and metallic phases in VO2 thin films over a critical
temperature range in the transition region via scattering-type
scanning near-field optical infrared microscopy (s-SNOIM)
nanoimaging. They demonstrated that metallic islands nucle-
ate at grain boundaries, where the variations in electronic
structure and strain distribution obviously affect the MIT
behaviors [48]. Therefore, it is conjectured that the nanoscale
domains and matrix may have distinct electrical properties
leading to the abnormal MIT behaviors above.

To distinguish between the separated phases of the
nanoscale domain and the matrix, the s-SNOIM technique
was used (see experimental and theoretical methods). The
s-SNOIM setup is schematically shown in Fig. 1(e). Figure 1(f)
shows the near-field scattering amplitude image obtained
at an infrared wavelength λ∼10.2 μm. At this midinfrared
wavelength, the optical conductivity contrast of the insulating
and metallic phases of VO2 is large enough to distinguish the
near-field amplitude signal [48]. The near-field signal S3 was
extracted from the data presented in Fig. 1(f) as the near-field
scattering amplitude using the pseudoheterodyne detection
scheme with third-harmonic demodulation. The signal of
the scattering amplitudes from the matrix of the VO2 thin
films is much higher than that of the nanoscale domains.
Combining the large difference in the scattering amplitudes
between the nanoscale domain and the matrix and the previous
reports [37,45,48,50,51], we can safely distinguish between
the insulating and metallic regions in these VO2 thin films.
The nanoscale domains should be insulating (M1 phase), but
the matrix should be metallic and is labeled as the mM phase in
Fig. 1(f). Therefore, this kind of VO2 thin film is a mixed-phase
system with two possible different electronic phases (mM and
M1 VO2). The volume ratio of the M1 and mM phases is
derived to be ∼1/3 from the above AFM characterizations
[see Supplemental Material, Fig. S3(a)]. More interestingly,
the I-V curves at the different localized zones in the mixed-
phase VO2 thin films show different rectifier characteristics
(see Supplemental Material, Fig. S4), further indicating that
the matrix is metallic, but nanoscale domains are insulating.

It is well known that the MIT is often accompanied
by a SPT [52–54]. To study the role of the SPT in the
MIT, the structural characterizations of the abnormal VO2
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FIG. 1. Resistivity vs temperature curves and microscopic images of VO2 thin films. (a) Temperature-dependent resistivities ρ for normal
VO2 (M1) and abnormal VO2 thin films. (b) Derivative of the logarithmic electrical resistivity curves and the temperature derivative of log(ρ).
AFM topographical images of the abnormal VO2 thin films in (c) with scan range 10 μm × 10 μm and (d) zoomed scan range 2 μm × 2 μm.
Schematic illustration of the s-SNOIM setup (e) and optical amplitude S3 image of s-SNOIM for the angle distortion of VO2 films showing
pure near-field response. The scan range is 4 μm × 4 μm in size and obtained at the infrared wavelength λ = 10.2 μm. The metallic phase is
in the light (yellow, red) colors and the insulating phase is in the dark (cyan, blue) colors.

thin films were performed using synchrotron radiation high-
resolution XRD with varying in situ temperature across the
MIT to examine precise lattice structure transformations
and the subtle transition behaviors. Figure 2(a) shows the
temperature-dependent synchrotron radiation XRD patterns
of the abnormal VO2 thin films at the incident wavelength
λ = 1.2398 Å. The sharp peaks around ∼33.28° and 31.89°
are assigned to the (0001) plane of the sapphire substrate and
the (020) plane of VO2 (M1), respectively. Moreover, a small
peak is observed near the (020) peak of the M1 VO2 phase in
Fig. 2(a). This peak at ∼31.68° should correspond to the (020)
plane of the metallic matrix of the VO2 thin films, referred
to as the VO2 (mM) phase. After fitting XRD experimental
data, the volume ratio of M1 and mM phases in the sample
is ∼1/3, which is in good agreement with the AFM [see
Supplemental Material, Fig. S3(b) and Table S1]. Moreover,
unlike the normal VO2 thin films with the pure M1 phase,
both the (020) peaks of VO2 (M1) and VO2 (mM) phases do
not shift with increasing temperature, indicating the absence
of the monoclinic to rutile phase transition (see Supplemental
Material, Fig. S5) [55]. On the one hand, this behavior may be
ascribed to the clamping effect via the symmetry mismatch
between the mM VO2 thin films and hexagonal sapphire
substrates. On the other hand, the M1 VO2 polymorphs embed
in the mM matrix and serve as the strain-mediation center.
Thus, the heterointerfacial strain between the mM and M1
VO2 polymorphs may lock the crystal structure across the
MIT and probably suppress the structural phase transition.

Consequently, the obvious structural phase transition expected
in the pure M1 VO2 thin films was not observed in the
mixed-phase VO2 thin films studied here. This subtle phase
transition should be closely related to the electronic transition
as reported previously and not accompanied by structural
phase transition [56,57].

To exclude the possible influences of the impurity phases
and different valence states, we performed high-resolution
x-ray photoelectron spectroscopy measurements of the mixed-
phase VO2 thin films. Figure 2(b) presents the experimental
and fitting results of the V 2p and O 1s peaks. The V4+2p3/2

and V4+2p1/2 are located at the binding energies of 516.1
and 523.46 eV, respectively. The O 1s binding energy is
approximately 530.1 eV. These results are in good agreement
with the previous results [58,59]. An additional O 1s peak is
located at ∼531.68 eV and is consistent with the O-H bonding.
Herein, it is believed that there is no indication of any other
V valence states except for V4+ that is ascribed to impurity
phases. Therefore, the metallization of mM VO2 and the origin
of the subtle transition are not related to the valence states and
impurity phases, but should be due to the intrinsic effect of the
mixed-phase VO2 thin films.

In order to further study the essence of the separated
electronic phases, Raman spectra were measured to investigate
phonon behaviors or lattice vibrations with the Raman active
modes at theГ point of the Brillouin zone. Figures 2(c) and 2(d)
present the evolution of the Raman spectra with varying in situ
temperature for the pure VO2 (M1) and mixed-phase VO2
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FIG. 2. (a) θ -2θ scans of the synchrotron radiation XRD curves
of the mixed-phase VO2 thin films at various in situ temperatures. (b)
High-resolution XPS measurements. V 2p core-level spectra (dotted
line) and corresponding fitting results (solid lines). (c) Temperature
dependence of the Raman spectra for the VO2 (M1) thin films (c) and
of the mixed-phase VO2 thin films (d). Dashed lines mark the phonon
peaks ωV1,ωV2, and ωO.

(mM+M1) thin films, respectively. The representative Raman
spectrum of the VO2 exhibits three prominent vibration modes
at ∼193, 222, and 616 cm−1 [dashed lines mark the phonon
peaks as shown in Figs. 2(c) and 2(d)] at room temperature,
denoted as low-frequency ωV1,ωV2, and high-frequency ωO,
respectively (see Supplemental Material, Fig. S6). The low-
frequency Raman peaks ωV1 and ωV2 are ascribed to the V-V
atom vibrations, whereas the phonon frequency ωO is directly
related to the V-O atom vibrations [60,61]. Specifically,
the disappearance of the high-frequency ωO between T =
328 K and T = 338 K [Fig. 2(d)] for the mixed-phase VO2

(M1+mM) thin films indicates that the V-O lattice motion
modes are analogous to the metallic rutile VO2 (R) crystalline
structure. Moreover, the low-frequency Raman shifts of the
ωV1 and ωV2 modes still exist at higher temperature between
328 and 338 K but disappear in the case of the pure M1
VO2 thin films. Then, the three typical peaks all disappear at
high temperature. Hence, the rearrangements of the V-V atom
chains should occur, but they do not change the macroscopic
crystal structures and thus there is no SPT observed here.

For revealing the structural origin of the abnormal metallic
phases at room temperature, high-resolution XRD phi scans
were carried out to investigate the epitaxial relationships
between the VO2 thin films and sapphire substrates, and
the domain configurations were also derived. The typical phi
scans of the (220) peaks of the VO2 thin films with different
polymorphs on the (0001) planes of the sapphire substrates
are plotted in Figs. 3(a) and 3(b). As shown in Fig. 3(a),
the six peaks of the mixed-phase VO2 (220) planes exhibit
sixfold symmetry instead of the expected twofold symmetry
in the framework of the monoclinic symmetry. Actually, the
six peaks should arise from the three equivalent a axes of the
mixed-phase VO2 thin films, matching the (0001) surface plane

FIG. 3. XRD phi scans of VO2 on Al2O3 (0001) substrates. Full
phi scans of the (220) planes of the mixed-phase VO2 thin films
(a) and VO2 (M1) thin films (b) with respect to the (116) planes
of the substrates. Magnified image of the XRD phi scans of the
VO2 (mM+M1) thin films in (c), and VO2 (M1) that quantitatively
indicated that each of the main peaks (labeled p0) has two satellite
peaks (labeled p-l and p-r) at approximately 2.6°.

of the sapphire substrate with the hexagonal symmetry. The
schematic drawings of epitaxial matching relations between
the mixed-phase VO2 thin films and sapphire are shown in
Fig. 4(a) (β = 120◦). In the case of the normal pure M1 phase
VO2, the six main peaks of (220) planes [labeled p0, as shown
in Figs. 3(c) and 3(d)] exhibit sixfold symmetry, and each
of the main peaks has two satellite peaks (labeled p-l and
p-r) at approximately ± 2.6◦. In fact, this feature is due to
the angle mismatch between the β angle (122.6°) of VO2

FIG. 4. Schematic drawings of the epitaxial matching relations
between the angle distortions of the VO2 thin films (mM or M1) and
sapphire substrates at the interface. Lattices a (a10, a20, and a30) or
c (c10, c20, and c30) only have three possible orientations because of
the symmetry matching relationship on the (0001)-oriented sapphire
substrate (β = γ ) in (a). The β angle is reduced from the relaxed states
(∼122.6°) of the VO2 (M1) thin film to the angle of 120°. The β angle
is thus compressed along the in-plane direction. For the VO2 (M1)
films, both lattices a and c have three possible orientations due to the
symmetry mismatching (β∼122.6°) as shown in (b). This case is very
common in the M1 VO2 thin films on the sapphire substrates [62,63].
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FIG. 5. High-resolution synchrotron radiation XAS and UPS
results for the M1 VO2 and mixed-phase VO2 thin films. (a) O
K-edge spectra from the O 1s level to the π* and σ* orbitals. (b) V
L-edge transitions from 2p to 3d orbitals. The spectra are normalized
to the maximum intensity and displaced vertically for clarity. UPS
measurements of VO2 (M1) (c) and the mixed-phase VO2 thin films
(d) across the MIT recorded on the same part.

(M1) and the γ (120°) angle of the sapphire substrates, as has
been observed experimentally in the pure M1 phases [62,63].
Corresponding schematic drawings of the epitaxial relations
between the VO2 (M1) and sapphire substrate are illustrated
in Fig. 4(b). Comparing these two cases, the angle β of the
mixed-phase VO2 thin films is decreased and thus is reduced
from the relaxed states (∼122.6° of the pure M1 VO2 thin
films) to the angle of 120°. Therefore, this angle mismatching
with the sapphire substrate results in the drastic modification
of the V-V atom chains [454]. The overall effect is that the
in-plane unit cell is expanded, and thus the shrinkage of
the lattice constant b is observed, as shown in Fig. 2(a).
Consequently, the V-V distance is enlarged along the atom
chain, enhancing the electron delocalization. The metallization
appears accessibly via the angle distortion (β = 120◦) in the
mixed-phase VO2 thin films, and the metallic phase is thus
stabilized at room temperature, with the nanoscale VO2 M1
polymorphs serving as the strain accommodation centers.

In order to reveal the metallization of the mixed-phase VO2

thin films at room temperature via the angle distortion, the
orbital redistribution of the V atoms was investigated by soft
x-ray spectroscopic techniques. We presented the synchrotron
radiation XAS studies on the VO2 thin films at the O K-edge
and V L-edge absorption at room temperature. The various
hybridized valence states can be distinguished from the XAS
data that allow separate studies of the hybridized V 3d and
O 2p orbitals near the Fermi level. As shown in Fig. 5(a),
the spectra of all the different VO2 polymorphs consist of a
prominent doublet corresponding to the transitions from the O
1s level to the π* and σ* orbitals [64]. Among these, the O 1s

orbital features of the mixed-phase VO2 thin films resemble to
a large extent those of the metallic rutile VO2 (R) phases but are

unlike those of the pure M1 VO2 thin films. Most importantly,
the V L edge contains the signatures of two pronounced
maxima at 517.5 and 523.8 eV, roughly corresponding to the
electron excitations from the respective spin doublet 2p3/2 and
spin singlet 2p1/2 levels. However, the two shoulders near the
main peaks in the pure M1 VO2 thin films both disappear
in the R and mixed-phase (mM+M1) VO2 thin films. Based
on this analysis of the spectra, we conclude that the angle
distortion in the mixed-phase VO2 thin films results in the
distinct differences in the features of the V atom orbitals with
respect to the pure M1 phase. However, the orbital features of
the mixed-phase VO2 thin films are very similar to those of
the R phase (see Supplemental Material, the XRD of the pure
rutile phase in Fig. S7). Therefore, we can boldly state that
the orbital modifications through the angle-distortion-induced
V-V atom chains may stabilize the novel monoclinic phase
(mM) with room-temperature metallicity and allow the MIT
even without the assistance of the SPT.

To further study the similarities of the electronic structure of
this novel phase to the metallic rutile phase, we now turn to the
temperature-dependent ultraviolet photoelectron spectroscopy
(UPS) to directly explore the changes in electron occupancy
behaviors near the Fermi energy Ef of the V 3d orbitals as
shown in Figs. 5(c) and 5(d). The similarity in the electronic
structure between the high-temperature rutile phase and the
mixed-phase VO2 thin films is easy to see: the UPS of the
metallic phase [T > Tc, UPS as shown in Fig. 5(c) when
temperature T = 338 K] of the VO2 (M1) and the mixed-phase
VO2 [in Fig. 5(d)] thin films both have plateaus [37,38] that
are the same as the metallic Fermi level features. However, the
VO2 (M1) phase still shows obvious insulating behavior [37]
from the Fermi level at lower temperatures (T<338 K), as
indicated by the shaded area in Fig. 5(c). These results are also
in good agreement with those obtained by the s-SNOIM, high-
resolution XRD and XAS studies described above. Therefore,
at room temperature, the electronic structure of the VO2 thin
film with angle distortion is analogous to that of the VO2 rutile
phase with metallicity (T > Tc). It is mentionable that the UPS
spectra were calibrated using the Fermi level of Au such that
the Fermi level is located at 0 eV (see Supplemental Material
for more measurement details, Fig. S8). The angle distortion
may reduce the V-V atomic dimerization by expanding the
lattice, indicating that the electrons may be delocalized at
room temperature. Therefore, the novel monoclinic metallic
mM phase is observed in the mixed-phase VO2 thin films and
is stabilized even at room temperature.

In addition to demonstrating the angle-distortion-induced
metallicity in these novel VO2 thin films and improving the
understanding of the effects of the electron delocalization
behaviors, ab initio calculations were performed with the
Cambridge serial total energy package (CASTEP) software,
and density functional theory (DFT+U) was used to study
the electronic structures of the novel VO2 (mM) thin films
with the angle distortion. We first relaxed the atomic structure
as shown in Figs. 6(a) and 6(b). In the monoclinic M1
structure, the angle β is 122.6°, and dimerization of the
V-V atom chains is observed with V-V separations of 2.48
and 3.31 Å along the cR axis (in tetragonal notation or the
aM1 axis in monoclinic notation) as shown in Fig. 6(a). The
band gap is found to be 0.6 eV for the M1 phase structure
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FIG. 6. Schematic of the VO2 crystal structure projected into
the monoclinic b axis and the rearrangement of the V-V chains: (a)
β = 122.6◦, V-V separations of 2.66 and 3.11 Å and (b) β = 120◦,
V-V separations of 2.48 and 3.31 Å. (c) The results of first-principles
calculations. Schematic electronic structure of VO2 according to
Goodenough [67] in the insulating (d) and metallic (e) forms.

[shown in Fig. 6(c)], in good agreement with the literature
values [54].

However, in the monoclinic mM structure of the angle-
distorted VO2, the β angle is set to 120°, and then, the lattice
is relaxed to the stable state via the DFT calculations. A
rearrangement of the V-V chains relative to the M1 phase
shown in Fig. 6(a) is observed, and the V-V separations are
changed to 2.66 and 3.11 Å, as shown in Fig. 6(b). The
DFT calculations show that larger V-V distances imply hardly
any d-orbital overlap (see the band structure of the VO2 M1
phase in Fig. 6(c)). Moreover, the rearrangement of the V-V
atom chains drastically modulates the band structure of the
VO2 mM phase. The V 3d electron has been delocalized and
occupies the Fermi level as shown in Fig. 6(c), leading to the
enhanced conductivity in the mixed-phase VO2 (mM+M1)
thin films. As shown in Fig. 6(d), the band gap of the insulating
phase collapses instantaneously upon electron delocalization
due to the expanding V-V distances [a schematic diagram
of the electronic structure according to Goodenough [65] is
shown for the metallic state in Fig. 6(e)]. Therefore, our
calculations allow us to conclude that the occurrence of the
metallicity that is stabilized at room temperature and observed
experimentally in these novel VO2 thin films is mainly ascribed
to the electronic structure changes that are likely due to the V-V
atom chain rearrangement via the angle distortion.

III. CONCLUSION

To summarize, we have controllably fabricated the novel
mixed-phase VO2 thin films on sapphire by reactive sputtering
deposition. The AFM and s-SNOIM reveal that the insulating
VO2 (M1) domains are inlaid in the metallic mixed-phase
VO2 matrix. The observed inhomogeneous mixed phases can
dramatically decrease the resistivity of the VO2 thin films.

Microscopy techniques also confirmed that the matrix is
metallic, whereas the separated nanoscale domains (diameter
of ∼200 nm and height of ∼7 nm) are insulating. The
synchrotron radiation characterizations (XRD, XAS, and
UPS) also further demonstrated that the metallic matrix
is monoclinic and exhibits an electronic structure that is
similar to that of the rutile metallic phase. Nevertheless, the
nanoscale domains should be the M1 phase (β = 122.6◦).
Thus, the abnormal metallic mM phase VO2 that is stabilized
at room temperature results from the polymorph separation
via the angle distortion and electron delocalization by orbital
modification. Consequently, the mixed-phase VO2 thin films
show distinctive MIT behaviors comparing to the normal
M1 phase. The structural phase transition is absent here,
whereas the electronic transformation is responsible for the
subtle MIT. Studies on the in situ characterization of the
film growth and polymorph separation are needed and will
be performed in the future. Our observations are of great
importance in understanding the fundamental MIT as well
as the metallization induced by the angle-distortion-driven
delocalization process in these novel monoclinic VO2 epitaxial
thin films and provide a new route for controlling the electrical
properties of VO2 thin films through the tuning of the angle
distortion.

IV. EXPERIMENTAL AND THEORETICAL METHODS

Through precise control of the vanadium arrival rate
(sputtering power) and the oxidation of vanadium, a series
of high-quality VO2 single crystalline thin films (B, M, and
R polymorphs) were epitaxially grown on (0001)-oriented
sapphire substrates by reactive sputtering deposition; the
details of the fabrication process are as described in our
previous report [57].

For the s-SNOIM, we note that the complex conductivity
σ̃ (ω) of materials is generally related to their dielectric
constant [44,48]:

ε̃(ω) = 1 + 4πi

ω
σ̃ (ω). (1)

The near-field signal is generated with incident infrared
radiation between the AFM tip and the sample. In this extended
dipole model, the polarized AFM tip is modeled as a spherical
dipole to describe the near-field interaction of the tip with
the sample. By solving this tip-sample system of electrostatic
equations, the effective polarizability of the coupling system
is described as [47,66,67]

αeff = α(1 + β)

1 − αβ

16π(a+z)3

, (2)

where α is the polarizability of the AFM tip, β is the surface
response function of the sample, a is the radius of the tip
sphere, and z is the tip-sample distance. Consequently, the
near-field interaction is experimentally accessible via the
measurement of the scattered intensity Es ∝ |αeff|2.

First-principles calculations are performed using the
CASTEP code with the generalized gradient approximation.
The exchange-correlation functional of Perdew, Burke, and
Ernzerhof is chosen. Ultrasoft pseudopotentials were used for
all atomic species, and the plane wave basis cutoff energy is
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set to 750 eV. A (3 × 3 × 3) Monkhorst-Pack grid is used for
the relaxation of the supercells, and all structures were fully
relaxed with the force tolerance of 0.01 eV/Å.
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