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Strain effects on insulator-to-metal transition and electronic structure in VO2

S. R. Sahu,1,* S. S. Majid ,2,* A. Tripathy,1 N. Bano,1 A. Ahad ,3 Hyungwoo Lee ,4,5 V. G. Sathe,1 and D. K. Shukla 1,†

1UGC-DAE Consortium for Scientific Research, Indore 452001, India
2Department of Physics, National Institute of Technology Hazratbal Srinagar J & K-190006, India

3School of Physical and Mathematical Sciences, Nanyang Technological University, 637371, Singapore
4Department of Physics, Ajou University, Suwon 16499, Republic of Korea

5Department of Energy Systems Research, Ajou University, Suwon 16499, Republic of Korea

(Received 18 December 2023; revised 15 February 2024; accepted 22 March 2024; published 10 April 2024)

Tunability of near-room temperature insulator-to-metal transition (IMT) of VO2 is a prerequisite for its
applications in switching and sensing devices. IMT in VO2 is accompanied with structural transition, monoclinic
(insulating) to rutile (metallic), where the V-V dimer of the monoclinic phase becomes equidistant in the rutile
phase. Tuning of the V-V dimer distances can result in dramatic changes in IMT characteristics. However,
understanding of such processes has been limited due to intrigued relations between structure, electronic
structure, and IMT of VO2. By utilizing the substrate and Cr doping-induced strain, we have grown VO2 thin
films with distinct V-V dimers, which has enabled us to study the effect of these dimers on the structure, IMT,
and electronic structures of VO2. In addition to the usual M1 phase of VO2, strain-mediated T and M2 phases
have been stabilized with the help of both Cr doping and tensile strain along the cR axis. We have observed that
a small compressive strain (≈0.19%) along the cR axis (≈ monoclinic aM axis) lowers the transition temperature
significantly (by ≈10 ◦C) compared to bulk. Temperature-dependent Raman spectroscopy measurement is used
to track the exact structural transformation route followed by these insulating phases of VO2. Dependent on the
nature of strain along the cR axis, IMT temperature is found to vary—increases (for tensile) or decreases (for
compressive)—while Cr doping-induced strain has a less significant impact on the IMT temperature compared
to the nature of the strain. X-ray absorption near-edge spectroscopy (XANES) has been utilized to examine
the electronic structure of the grown VO2 thin films. Temperature variation of pre-edge features (vanadium
3d orbitals) in XANES directly scales with the insulator-to-metal transition, which suggests that the electronic
structure of VO2 is strongly influenced by the nature (compressive/tensile) of strain, whereas minimal changes in
electronic structure have been observed due to different insulating phases (M1, T, and M2). Our study underscores
the important role of the nature of strain in tailoring the IMT in VO2.

DOI: 10.1103/PhysRevB.109.155132

I. INTRODUCTION

Vanadium dioxide (VO2) is well known for its near-room-
temperature (∼67 ◦C) insulator-to-metal transition (IMT)
with a dramatic change in its electrical conductivity. IMT in
VO2 is accompanied by a first-order structural phase tran-
sition (SPT) from a low-temperature insulating monoclinic
M1 phase (P21/c) to high-temperature metallic rutile R phase
(P42/mnm) [1,2]. VO2 distinguishes itself from other phase
change materials with its intrinsically coupled electronic and
structural phase transition, which has made it a topic of classic
debate for last ∼60 yr: whether IMT in VO2 is an electron-
lattice interaction-driven Peierls type or an electron-electron
interaction-driven Mott type. IMT in VO2 can be tuned by
external factors such as heat, electric field, doping, oxygen va-
cancy, and photons [3–11], which makes it suitable for novel
technological applications such as smart windows, transistors,
ultrafast switches, gas sensors, etc. [12–19].

*These authors contributed equally to this work.
†dkshukla@csr.res.in

While the bulk VO2 exhibits only the R and the M1 lattice
structures, two additional lattice structures, monoclinic M2
(C2/m) and triclinic T (C1), can be accessed by chemical
doping [20], tensile strain along cR [21], and compressive
strain along (110)R [22]. For a complete understanding of the
IMT mechanism in VO2, one necessarily needs to combine
the study of all four phases (M1, M2, T, and R phases), as
their lattices are nearly similar. The insulating phases (M1,
M2, T) exhibit different V-V pairing, and earlier studies sug-
gest that the electronic structure of these insulating phases
is essentially same, i.e., the electronic structure is insensitive
to changes in the V-V pairing [23–26]. However, remarkable
changes in the electronic structure and transition temperature
have been observed with compressive strain along the cR axis
[27]. As a noticeable change in the V-V pairing in different
insulating phases, a different V-V pairing distance has been
also observed due to compressive or tensile strain along the
cR axis [28]. Moreover, it has been demonstrated that IMT
in VO2 largely depends on orbital occupancies [29]. Some
literature also shows decoupling of transition temperatures of
transitions in electronic structure and in electrical resistivity
[6,30]. All these observations clearly indicate an intriguing
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relationship between strain, V-V dimer distances, electronic
structure, and IMT in VO2.

The solution to such questions is concealed in the relation-
ship between V-V dimer distances and its relation to electronic
properties of VO2. To address these issues, we have performed
a comprehensive study on the effect of different V-V pairing
arrangements on the IMT and electronic structure. Thin film
samples have been utilized with the variants of compressive
as well as tensile strains along the V-V pairing arrangement.
We have grown pure and the Cr-doped VO2 thin films on
the R-cut and the C-cut Al2O3 substrates comprising com-
pressive and tensile strains, respectively. We have identified
the various insulating phases (M1, M2, and T) among grown
films through XRD and Raman spectra. Distinct temperature-
dependent electrical resistance character has been observed in
these strain-mediated different insulating phases. To gain in-
sight into the temperature-dependent SPT, we have performed
the temperature-dependent Raman measurement. For probing
the changes in electronic structure across IMT, temperature-
dependent x-ray absorption near-edge spectroscopy (XANES)
measurements have been performed across the V K edge.
Our results collectively confirm that the transition in elec-
tronic structure and conductivity of these thin films occurs
concomitantly and that the electronic structure is depen-
dent largely on the nature of strain along the [001]R

axis.

II. EXPERIMENTAL DETAILS

A KrF excimer laser (λ = 248 nm, repetition rate of 5 Hz)
was focused onto a target (pressed pure and ∼2% Cr-doped
V2O5) with a fluence of 1.1 J/cm2. The ultrasonically cleaned
R-cut (0112) and C-cut (0001) Al2O3 substrate was main-
tained at a temperature of 670 ◦C during the deposition.
Depositions were performed in an oxygen partial pressure
of 10 mtorr. With the motivation to investigate the effect
of different V-V pairing arrangements on insulator-to-metal
characteristics of VO2. We have grown four VO2 thin films
(with nominal thickness ∼90 nm) having different nature and
amount of strain as described below. The first thin film is
pure VO2 on R-cut Al2O3 substrate (VR), the second thin
film is Cr-doped VO2 on R-cut Al2O3 substrate (VCR), the
third thin film is pure VO2 on C-cut Al2O3 substrate (VC),
and the fourth thin film is Cr-doped VO2 on C-cut Al2O3

substrate (VCC). Hereafter, these thin films will be referred
as VR, VCR, VC, and VCC, respectively. X-ray diffraction
(XRD) was carried out with a Bruker D8 x-ray diffractome-
ter equipped with Cu Kα radiation. Temperature-dependent
resistivity measurements were performed in the standard four-
point configuration. Temperature-dependent Raman spectra
were collected in backscattering geometry using a 10 mW Ar
(475 nm) laser as an excitation source coupled with a
Labram-HRF micro-Raman spectrometer equipped with a
50× objective. Temperature-dependent XANES across the V
K edges was measured at beamline P64, PETRA III, DESY,
Hamburg, Germany, in fluorescence mode [31]. A vanadium
metal foil was used as a reference for the purpose of energy
calibration.

III. RESULTS AND DISCUSSION

Figure 1(a) shows θ -2θ XRD patterns of all four VO2

thin films deposited under identical conditions. The diffrac-
tion peak observed at 2θ ∼ 37.17◦ and ∼37.09◦ for VR and
VCR corresponds to the (200) reflection of the M1 phase
(PCPDFWIN [820661]) and (021) reflection of the T phase
(PCPDFWIN [760674]), respectively. In VR film, the 2θ peak
position has shifted to higher 2θ values compared to bulk
VO2 (marked with dashed line), which exhibits ∼0.19% com-
pressive strain along the aM axis which is equivalent to the
cR axis. However, in VCR film, Cr doping has induced extra
strain, and the excess strain has been compensated by stabi-
lization of the T phase. The VO2 thin films grown on C-cut
Al2O3 substrates, VC and VCC, show the diffraction peak at
∼39.97◦ and at ∼39.95◦, which correspond to (020) reflection
of the M1 phase (PCPDFWIN [820661]) and (002) reflection
of the T phase (PCPDFWIN [760674]), respectively. In VC
film, the 2θ peak position has shifted to a higher 2θ value,
which indicates ∼0.68% compressive strain along the bM axis.
Similar to VCR, due to Cr doping the T phase has stabilized
in VCC film. Zoomed-in views of the reflections of VO2 film
are shown in Fig. 1(b).

Vanadium ions dimerize and tilt in equivalent chains along
the rutile cR axis in the M1 (P21/c) phase. In the M2 (C2/m)
phase, there are two types of vanadium chains; in the first
chain, vanadium ions pair but do not tilt, while in the second
chain, vanadium ions tilt but do not pair [20]. The T phase
can be thought of as an intermediate phase between the M2
and M1 phases, where the chains become equivalent in M1.
In contrast to the M1 phase, the T (C1) phase has two types
of inequivalent vanadium chains (or sublattices) in which
the vanadium ions are paired and tilted to different degrees
[20,23,25]. XRD cannot distinguish accurately between the
above discussed insulating phases due to the minor changes in
the crystal structure. The thin film nature of samples makes it
even more complicated to make a clear distinction between the
T and M2 phase from the x-ray diffraction data. Earlier reports
suggest that the Raman measurement can be utilized as a
tool for unambiguously characterizing the different insulating
phases of VO2 [26,33–35]. According to group theory, the M1
phase of VO2 has 18 Raman active modes (9Ag and 9Bg). For
the T and M2 phases, group theory predicts the same number
of the Raman active phonon modes as the M1 phase but with
different symmetries (10Ag + 8Bg) [32,36,37].

Figure 1(c) shows the room temperature Raman spectra
of the VO2 thin films with the phonon modes belonging to
the M1 and T structures. Raman spectra of films VR and
VC is in good agreement with previously published data
[26,32,36,37]. A total of 13 Raman active modes at ∼140,
∼195, ∼224, ∼262, ∼310, ∼337, ∼389, ∼442, ∼496, ∼582,
∼613, ∼657 cm−1, and ∼753 cm−1 have been identified in the
M1 phase. Isotopic substitution and density functional theory
calculations have assigned the low-frequency Ag phonons ων1

(193 cm−1) and ων2 (223 cm−1) to V-V dimers [Fig. 1(d)]. All
the other distinguishable peaks are related to V-O vibrations.
The peak ωo at ∼615 cm−1 is a fingerprint of the VO2 insu-
lating phases (M2 and T) [33,38]. Similar peak patterns have
been observed for VCR and VCC films where the T phase has
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FIG. 1. (a) Room temperature θ -2θ XRD patterns of VO2 thin films, VR, VCR, VC, and VCC. (b) Zoomed view of the reflections of VO2

thin films. (c) Room temperature Raman spectra of the VO2 thin films where ων1 and ων2 modes correspond to V-V vibration and ωo mode
corresponds to V-O mode [32]. (d) Zoomed view of ων1 and ων2 Raman mode of the VO2 films.

been stabilized but with a slight shift in the peak position of
the ωo mode from ∼615 cm−1 to ∼633 cm−1 [22,26,32,39],
which is a characteristic of the T phase.

Figure 2 shows the temperature-dependent four-point
probe resistivity measurements of the VO2 thin films. All
the four films undergo a first-order insulator-to-metal transi-
tion as evidenced by accompanying hysteresis in resistivity
changes in heating and cooling cycles. We have also plotted
the derivative of log R with respect to the temperature; see the
inset of Fig. 2. Thin film VR exhibits an IMT temperature at
∼59.8 ◦C, while (Cr- doped) film VCR exhibits an insulator-
to-insulator transition at ∼54.6 ◦C and the insulator-to-metal
transition near ∼57.8 ◦C. The observation of these phase tran-
sitions is well supported by the literature [20,25,26,40]. Thin
film VC exhibits IMT temperature at ∼69.1 ◦C, while (Cr
doped) film VCC shows IMT temperature at ∼69.5 ◦C. No-
tably, the T phase has been stabilized in VCC, so we expected
two transitions, similar to VCR, but we have observed only
one transition. Film VR and VCR exhibits insulator-to-metal
transition at lower temperatures compared to the bulk VO2

(∼67 ◦C) [3] due to the compressive strain along the cR axis
(≈ aM). Interestingly, only ∼0.19 % compressive strain along
the cR axis is found to be sufficient to lower the IMT tempera-
ture by ∼10 ◦C. This observation highlights that by applying a
compressive strain of ∼0.8 % along the cR axis one can bring
down the IMT temperature to the room temperature, which
will be extremely useful for several potentially important

room temperature applications such as thermochromic smart
windows etc. Further lowering of the IMT temperature in
VCR film, due to the Cr doping-induced strain (in addition to

FIG. 2. Temperature-dependent resistivity of the VO2 thin films.
Inset: First derivative of resistivity with respect to temperature.

155132-3



S. R. SAHU et al. PHYSICAL REVIEW B 109, 155132 (2024)

TABLE I. Lattice parameters of the thin film along the surface
normal and corresponding strain present in the thin films.

Film Lattice constant (Å) Strain (%)

VR 5.7414 (aM1) −0.19
VC 4.4952 (bM1) −0.68

the substrate-induced strain), can be seen in Fig. 2. Thin films
VC and VCC exhibit the IMT at slightly higher temperature
than in the bulk VO2 (see Fig. 2). Here note that in films
VC and VCC there is a compressive strain (∼0.68%) along
the bM1 axis induced by C-cut Al2O3 substrate. The cR axis
(equivalent to the aM axis) consequently will have tensile
strain (Poisson effect) in VC and VCC films. Therefore, shift
of IMT temperature to a higher temperature is attributed to
tensile strain in the cR axis [29], although IMT temperature
in VO2 is reported to be sensitive to the stoichiometry, de-
fects, crystalline quality, and doping [41–45]. However, in the
present study all the films are grown under identical condi-
tions, therefore, substrate-induced strain and Cr doping will
be the major factor in the decrease/increase of the transition
temperature, while other factors will play a minimal role. Fur-
ther, when the temperature is varied, the mismatch in thermal
expansion may result in the change in strain. The thermal ex-
pansion coefficient of the different axis of Al2O3 is found to be
almost similar ∼4.5–5.3 × 10−6/◦C [46], so we believe that
there would not be a significant difference in the contribution
from R- and C-cut Al2O3 during IMT in VO2, while, upon
cooling from the growth temperature, tensile/compressive
strain is stored in the films as a consequence of mismatch
of the lattice parameters between VO2 and different cuts of
the sapphire substrates [46–49]. Moreover, observed relative
shifts in the IMT temperature are well supported by our expec-
tations, which is also consistent with the strain present in the
cR axis [28]. Lattice constants of the thin films (VR and VC)
along the surface normal and corresponding strain are shown
in Table I, and crystallographical details of all the thin films
at room temperature and obtained transition temperatures are
tabulated in Table II.

To track the structural phase transition path followed by
these strain-mediated insulating phases, Raman spectroscopy
was carried out as a function of temperature. Measurements
presented here are from the cooling cycles, and similar be-
havior is expected in the heating cycles except that transition
temperatures will appear at slightly higher temperature due
to the first-order nature of the transition. With the increase
of temperature [see Fig. 3(a)] peak intensity in the Raman
spectrum becomes weaker and finally disappears, which cor-
responds to a structural transition from the monoclinic M1

structure to the rutile R structure. The Cr-doped VO2 thin
film (VCR) has an intermediate Mott monoclinic M2 structure
between the room temperature T structure and the high-
temperature rutile R structure, as evidenced by a blueshift
in the position of the ωo vibration from room temperature to
intermediate temperature, as shown in Fig. 3(b) [32,33,38,39].
Temperature-dependent Raman spectra of VC and VCC can
be seen in Figs. 3(c) and 3(d), respectively.

To further evaluate the temperature-dependent structural
rearrangement, we have plotted the temperature-dependent
Raman shift and FWHM of the Raman frequency ωo (ob-
tained by Lorentzian fitting of the phonon modes across ωo

(∼615 cm−1) from the data in the cooling cycle in Figs. 3(e)
and 3(f), respectively. It is to be noted that this broad Raman
peak consists of three modes (∼582, ∼615, and ∼657 cm−1).
The monoclinic M1, M2, and triclinic T structures of VO2

differ in the arrangement of the vanadium atoms along the
cR axis. Obtained variation in Raman shift with temperature
clearly signifies that in film VR, where the M1 phase has been
observed, no blueshifting in the ωo mode has been observed;
only a slight softening can be observed at higher temperatures,
which is a clear indication that the M1 phase transforms
directly into the R phase with increasing temperature and
matches well with earlier reports [50,51]. However, VCR film
where T phase is observed has an intermediate monoclinic
M2 structure between room temperature and high-temperature
rutile structure, as evidenced by a blueshift in the ωo mode
from ∼630 cm−1 to ∼634 cm−1 [23,26]. Although, in film
VC, M1 phase has been stabilized at room temperature, but the
blueshift in the ωo mode, from ∼618.5 cm−1 to ∼619.5 cm−1,
can be observed with increasing temperature, which is well in
agreement with earlier reports [21,33]. This clearly indicates
that unlike film VR, in film VC the transformation of the M1
phase to the R phase happens through the intermediate M2
phase. Similar to the film VCR, film VCC also transforms
from T to M2 to R phase, signified by the blueshift in the
ωo mode. The FWHM of each mode can be seen increasing
with rising temperature of all the films, which is usual [see
Fig. 3(f)]. Temperature evolution of structural phases with
temperature in these films is summarized in Table III.

Structural transition in VO2 is accompanied with changes
in the electronic band structure around the Fermi level (EF ),
which can be qualitatively understood within a crystal-field
model [53]. The 3d electronic levels of the V ions in an
octahedral environment are crystal-field split into a combi-
nation of triply degenerate low-energy t2g states and doubly
degenerate high-energy eσ

g states. The small orthorhombic
component of the crystal field associated with the differ-
ent equatorial and apical V–O distances in an octahedral
environment further separates the t2g orbitals into a single

TABLE II. Crystallographical details of the thin films.

Film Crystal system Space group Orientation [hkl] Transition temperature

VO2 on R-cut Al2O3 (VR) Monoclinic (M1) P21/C [200] ∼59.8◦

Cr VO2 on R-cut Al2O3 (VCR) Triclinic (T) C1 [021] ∼54.6◦

VO2 on C-cut Al2O3 (VC) Monoclinic (M1) P21/C [020] ∼69.◦

Cr VO2 on C-cut Al2O3 (VCC) Triclinic (T) C1 [002] ∼69.4◦
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FIG. 3. Temperature-dependent Raman spectra of VO2 thin films (a) VR, (b) VCR, (c) VC, and (d) VCC. (e) Raman shift and (f) FWHM
variations with temperature of ωo mode (615 cm−1).

a1g (d‖) orbital and doubly degenerate eπ
g orbitals. The eσ

g
and the eπ

g states hybridize with the O 2p orbitals to form σ

bonding, σ ∗ antibonding molecular, and π bonding and π∗
antibonding molecular orbitals, respectively. The a1g orbitals
are directed parallel to the rutile c axis (cR) [53]. In the
metallic state density of states at the EF is due to mixture of
the a1g orbitals and antibonding eπ

g orbitals (π∗). Across the
metal-to-insulator transition, dimerization of the V ions along
the cR splits the highly directional a1g orbitals that mediate
V–V bonds into a bonding and an antibonding combination
[see the band diagram in Fig. 4(d)]. XANES corresponds to
electronic transitions from deep levels to empty states near
the Fermi level of the selected elements in a system. XANES
at a transition metal K edge reflects the local density of
states (LDOS) of the metal 3d orbitals and the local struc-
tural properties of neighboring atoms around the transition
metal ion [6]. Strain present in the thin film due to the Cr
doping and substrate can affect the V 3d orbital occupation
across the Fermi level. The pre-edge features correspond to
a V 1s to 3d dipole forbidden transition which becomes al-
lowed due to overlapping of the V 3d orbitals with the V
4p and O 2p orbitals, while the main absorption edge (D
and E) represents the V 1s to 4p dipole allowed transitions
[6,26,30]. The XANES spectra show a valence state of V4+
[see Fig. 4(a)]. The pre-edge feature contains two features cor-
responding to the crystal-field split V 3d state, i.e., t2g and eg

[see Fig. 4(b)] [52]. Figure 4(c) shows normalized intensity of
the pre-edge features at various temperatures during heating.

TABLE III. Summary of temperature-induced phase evolution of
the thin films with increasing temperature.

VR → M1 to R
VCR → T to M2 to R
VC → M1 to M2 to R
VCC → T to M2 to R

The area under the pre-edge features is directly proportional to
density of states of the V3d orbitals, which is strongly affected
by the first and second nearest-neighboring atoms [6,54,55].
Hence, the pre-edge peak intensity is highly sensitive to the
local geometrical structure around the absorbing atom (V).
The pre-edge features become less intense and broader above
the IMT temperature as shown in Fig. 4(c). The quantitative
spectral changes in the pre-edge features across the IMT were

FIG. 4. (a) Room temperature XANES spectra of VO2 thin films,
which resemble each other. Inset: Zoomed view of pre-edge feature.
(b) Fitted pre-edge features (at room temperature) and compared with
crystal-field split t2g and eg features of VO2 [52]. (c) Temperature
dependence of pre-edge feature of VO2 thin films. (d) VO2 band
diagrams across the Fermi level, in insulating and metallic states.
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FIG. 5. (a) XANES pre-edge peak intensity variation with tem-
perature. (b) Resistivity as a function of temperature. Both ((a) & (b))
plots are for heating cycles.

determined by fitting with an arctangent-pseudo-Voigt model
[Fig. 4(b)]. The intensity of the pre-edge features in all the
thin films overlaps very well (see inset of the Fig. 4(a)) which
confirms the similar electronic structure in the M1 and T
insulating phases of VO2 around the Fermi level.

The energy separation among the t2g and eg features of the
pre-edge peak correspond to the crystal-field splitting energy,
which is sensitive to the V-O apical bond length [53,56]. At
room temperature, the energy position of t2g and eg is sepa-
rated by ∼2.3 eV, ∼2.51 eV, ∼1.8 eV, and ∼1.86 eV for the
films VR, VCR, VC, and VCC, respectively. A considerable
difference in the energy separation between t2g and eg bands
has been observed in the films having a different nature of
strain, i.e., compressive and tensile strain along the cR axis.
Figure 5(a) shows the temperature-dependent intensity vari-
ation of the pre-edge spectral features of all the thin films
across IMT temperature. A sharp pre-edge intensity change

FIG. 6. FWHM of the peak A (t2g) in Fig. 4(b) with varying
temperature.

has been observed in the VR thin film compared to the broader
transition in VCR, VC, and VCC thin films, which can be
ascribed to the presence of the VO2 M2 phase at intermediate
temperatures between the room-temperature insulating phase
and the high-temperature metallic phase in the VCR, VC,
and VCC thin films. The pre-edge intensity change across
the IMT can be explained in terms of local structural changes
happening around the V atom. The intensity of the pre-edge
spectral features is directly proportional to the distortion in
the V-O octahedron. In VO2, a V-O octahedron consists of one
central V atom and six O atoms as the nearest neighbors of the
V atom. In the M1, M2, and T phases the V-O octahedron has
a distorted form with different bond lengths and tilted angles
of the six V-O pairs [25,26] while the metallic R phase has
less distorted octahedron. The lower pre-edge intensity in the
metallic phase can also be ascribed to the higher occupancy
of the V 3d states around the Fermi level, compared to the
insulating phases [see Fig. 4(d)] [6,54,57,58].

The transition temperatures obtained from the pre-edge
peak intensity variation matches very well the resistivity data
[see Fig. 5(b)], within a slight variation, which is inevitable
in two different sets of measurements. The relative shift of
the transition temperatures for different VO2 thin films ob-
tained from the XANES measurements correlates very well
with the values obtained from the resistivity measurements.
Our observations clearly indicate that the electronic structure
changes in the VO2 thin films across the IMT, possessing
compressive and tensile strain, match very well the resistivity
measurements and confirm that the strain in the thin films is
the main driving force for controlling the IMT properties.

Figure 6 exhibits variation in the FWHM of the pre-edge
feature A (t2g) across the IMT in all the thin films. One can
clearly observe that in all the films FWHM is increasing
with increasing temperature and undergoes an abrupt increase
around the IMT temperatures, which can be explained in
terms of the d‖ multiple final-state configurations in the metal-
lic state. The low-temperature insulating phase has only the
d1

‖ final-state configuration, while in the metallic phase there
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can be the possibility of three components, which are charac-
terized by different occupation numbers of the d‖ band, i.e.,
d2

‖ , d1
‖ , and d0

‖ [52,59]. The smaller magnitude of the FWHM
variation around the IMT temperatures in the case of VC and
VCC films can be attributed to the presence of tensile strain
along the cR axis, which will result in the decrease of the V-O
apical bond length, consistent with the earlier study by Ae-
tukuri et al. [29]. The decrease in apical V-O bond length will
result in an increase in the p-d overlap, which will push the
π∗ states to higher energy, and as a result of the higher shift of
the π∗ states, the probability of the d0

‖ final state configuration
will be reduced. Hence, in that scenario, only the d1

‖ and the d2
‖

configurations will contribute to the FWHM of the pre-edge
feature in the metallic state. Our FWHM vs T results also
confirm that the nature of the strain in the thin films is dic-
tating the electronic structure behavior across the IMT. In the
end, it is to be highlighted that earlier reports suggest that the
Cr-doped VO2 exhibits almost similar behavior as obtained
under the uniaxial strain along the [110]R direction [22]. Here
we have attempted to modify the electronic structure by the
application of strain along the [001]R (cR) axis (substrate
induced) as well as along the [110]R direction (by Cr doping).
Our room temperature XANES spectra of all the thin films are
overlapping [see Fig. 4(a)], which suggests similar electronic
structure of M1 (VR and VC) and T (VCR and VCC) phases of
VO2. Further, the intensity of the pre-edge feature of XANES
spectra strongly resembles the IMT characteristics obtained
by electrical transport measurements [see Figs. 5(a) and 5(b)].
This suggests that although they have a similar electronic
structure, IMT transition is largely determining by the nature
of the strain. Compared to bulk, IMT temperature in compres-
sive strained VO2 film along the cR axis has decreased, while
in tensile strained VO2 film along the cR axis the transition
temperature has shifted towards higher temperature. On the
Cr doping, different effects are observed in differently strained
conditions, i.e., IMT temperature further lowers in compres-
sive strained film along the cR (≈ aM1) axis, while transition
temperature is almost insensitive when Cr is doped in tensile
strained film along the cR axis. Although the Cr doping has
some significant impact on determining the IMT temperature,
it is playing a minimal role in electronic structure modifica-
tions (it stabilizes the other insulating phases of almost similar
electronic structure).

IV. CONCLUSIONS

In conclusion, to investigate the effect of distinct V-V
dimers (which play a critical role in determining the IMT

temperature in VO2) on the IMT, we have stabilized differ-
ent insulating phases M1, M2, and T by utilizing different
natures (compressive/tensile) of strain along the cR axis and
by Cr doping. The intermediate M2 phase was accessed at
intermediate temperatures while heating in pure (having ten-
sile strain along cR axis in the M1 phase) and Cr-doped (T
phase) VO2 thin films. Compressive strain along the rutile
cR axis has lowered the transition temperature compared to
bulk VO2, while tensile strain along the cR axis has shifted
the transition temperature to a higher temperature. We have
successfully tracked the exact structural phase transformation
path followed by the different insulating phases by utilizing
the temperature-dependent Raman spectroscopy. Film where
the cR axis has compressive strain exhibits the transition from
M1 phase to the R phase directly, while the thin films, which
have stabilized the T phase at room temperature, transforms
to the R phase via the M2 phase with increasing temperature.
Our results also show that due to the presence of tensile strain
along the cR axis, the M1 phase can also adopt the M2 phase
when transforming to the R phase, while generally the M1
phase goes to the R phase directly. IMT temperature obtained
by temperature-dependent integrated intensity of the pre-edge
features (combined t2g and eg bands) has been found to scale
directly with resistivity data. Our results clearly confirm that
electronic structure and IMT temperature are dictated largely
by the nature of strain, i.e., compressive or tensile strain along
the [001]R axis, while they are least affected by the different
insulating phases. Finally, the current study establishes the
procedure of using strain as a control parameter to tune the
IMT in VO2, which is essential for technological applications.
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