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ABSTRACT: Controlling the electronic properties of strongly correlated systems,
observing electron−electron correlation-driven metal to insulator transition (MIT)
is a key point for the next-generation solid-state Mottronic devices. Thus, the
knowledge of the exact nature of the insulating state is an essential need to enhance
the functionality of the material. Therefore, we have investigated the electronic
nature of the insulating state of a classical Mott insulator V2O3 thin film (epitaxial)
using low-temperature (LT) (120 K) resonant photoemission spectroscopy and X-
ray absorption near-edge spectroscopy measurements. Temperature-dependent
valence band spectra (VBS) reflect the transfer of spectral weight from the metallic
coherent band (AM) near the Fermi level (EF) to the insulating Mott−Hubbard
screened band (CI) at a binding energy of around 2.4 eV. Such a transfer of spectral
weight upon MIT leads to vanishing of the density of states at EF and opens a band
gap. The strong presence of the 3dnL final state is observed near the EF of LT VBS,
confirming the presence of an O 2p band participating in low-energy charge fluctuation. This study further endorses the charge-
transfer (CT)-type (U > Δ) insulating nature of a strained V2O3 thin film at LT, unlike its bulk counterpart, which is placed
intermediate (U−Δ) between the CT and the Mott−Hubbard regime. Modifying the electronic ground state of V2O3 to the CT
nature via the epitaxial strain in thin films provides a way to tailor the electronic energetics, with its implications to next-generation
correlation-derived switching devices.

KEYWORDS: epitaxial thin film, metal to insulator transition, strongly correlated system, Mottronics, X-ray absorption spectroscopy,
resonant photoemission spectroscopy

■ INTRODUCTION

The competition between localization due to on-site Coulomb
correlation and the itinerant behavior of electrons plays a
crucial role in determining the complex and fascinating
properties of strongly correlated systems.1 The presence of
various competing interactions resulting from charge, spin,
orbital, and lattice degrees of freedom can lead to many exotic
properties including high-temperature superconductors,2 metal
to insulator transition (MIT),3 colossal magnetoresistance,4

and so on. Vanadium-based compounds often reveal Mott
MIT transition and represent a class of quantum materials
exhibiting the most promising functionalities for the
investigation of electrode materials for emerging metal-ion
batteries,5−7 emerging electrochemical energy storage,8 and
neuromorphic circuits.9 Among these oxides, vanadium
sesquioxide (V2O3), often considered as a prototype Mott−
Hubbard (M−H) system, is one of the most remarkable
examples in correlated oxide systems.10 V2O3 presents a rich
phase diagram as a function of temperature, pressure, or
doping and undergoes a first-order transition at around 150 K
from a rhombohedral paramagnetic metal (PM) phase to the

monoclinic antiferromagnetic insulating (AFI) phase.11 It
crystallizes in the corundum structure, with four vanadium
atoms in the primitive unit cell at ambient temperature and
pressure. The V cations are surrounded by a distorted
octahedron of O2− ions. Due to the electrostatic interaction
of V 3d electrons with the surrounding oxygen ions, the
fivefold degenerate V 3d levels undergo crystal-field splitting
into a low-lying triplet t2g and upper-lying doublet eg energy
states. In V2O3, the low-lying t2g orbitals accommodate two
electrons in each V3+ ion. A small trigonal distortion along the
c-axis further splits the t2g level into doubly degenerate eg

π and
non-degenerate a1g levels.

12 An energy gap of ∼0.6 eV opens
between eg

π and a1g across the PM to AFI transition,13 with a
huge enhancement in electrical resistivity.14 Earlier studies
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suggest that the electrical transport properties are highly
sensitive to external perturbations such as epitaxial strain,
hydrostatic pressure, chemical doping, and so on.15,16 More-
over, using pressure and chemical doping in V2O3, MIT could
be tuned from the iso-structural paramagnetic metal to the
paramagnetic insulator (PI) phase.17−19 Recently, Hu et al.
demonstrated the evolution of MIT with trigonal distortion or,
equivalently, the alteration in the c/a ratio in the V2O3 thin
film.20 Controlling the epitaxial strain, Homm et al. established
a room temperature (RT) Mott-MIT in Cr-doped and pure
V2O3 films.21 Hence, controlling the electronic properties of
V2O3 that feature an MIT is a key requirement that offered a
new approach for developing a new class of electronics
“Mottronics”.
Electrical and magnetic properties of V2O3 can be best

explained from its electronic structure. Using the molecular-
orbital model,22 Goodenough suggested three symmetries for
the V 3d band and describes the electronic structure of V2O3.
Also, the monoclinic distortion in the insulating phase (I-
phase) causes the abrupt expansion of the V−V bond length in
the V ion pair and rotation of the V−V bond direction by
about 1.8° from the c-axis that is with respect to the basal
plane. As a result, the oxygen octahedra surrounding the V
pairs are skewed. Across the MIT, the a1g bands are shifted up
in energy and the exchange split eg

π bands form the lower
Hubbard band (LHB) and upper Hubbard band (UHB). The

dynamical mean-field theory (DMFT) predicts the coexistence
of coherent quasi-particle (QP) features close to the EF and
incoherent LHB at a higher binding energy (EB), which
characterizes the correlated metallic phase (M-phase) of the
M−H compound.23

In consequence of electron correlation effects, V2O3
possesses several technological applications such as in electrical
and optical switching devices,24 light detectors, and critical
temperature sensors.25 Recently, the V2O3 film has been
explored as a voltage-controlled Mott device,26 and efforts are
devoted to achieving complete control of the electronic phase
transformation for non-volatile resistive-switching devices.27

Both thermal and nonthermal resistive switching can be
explained in terms of LHB and UHB.28 Hence, the electronic
origin of these bands participating in the switching phenomena
should be studied in detail. For such device applications and
efficient functionalities, it is extremely important to realize the
competing energetics such as on-site d−d Coulomb repulsion
energy U, the charge transfer (CT) energy Δ, bandwidth (W),
crystal-field splitting, ligand p-metal d hybridization energy Tσ

along with the nature of the insulating state.1 However, early
transition metal (TM) (Sc−Cr) compounds have been placed
in the M−H regime (U < Δ) in contrast to the late TM
compounds, which mainly fall in the CT regime (U > Δ).29 In
the M−H insulating state, the lowest-energy charge fluctuation
across EF is governed between the dominated TM 3d states,

Figure 1. Structural characterizations of the V2O3 thin film. (a) Room temperature θ−2θ out-of-plane XRD pattern of the V2O3 thin film grown on
a (001)-oriented Al2O3 substrate (inset shows the in-plane θ−2θ XRD of the V2O3 thin film) and (b) in-plane φ scans recorded along the (116)
direction of the Al2O3 substrate and V2O3 thin film at room temperature. (c) Temperature-dependent resistivity of the V2O3 thin film (warming
cycle): Upper inset shows the resistance derivative with respect to temperature.
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and the energy difference between the LHB and UHB defines
the energy gap of the system, while in a CT insulator, the
lowest energy charge fluctuation is mainly dominated by the
mixed V 3d−O 2p state and UHB. Based on cluster model
calculations,30 previous studies suggested that early TM
compounds such as TiO2, V2O3, LaVO3, and Cr2O3 should
be placed in the intermediate between CT and the M−H
regime with comparable U and Δ. Such changes in the nature
of the I-phase arise due to the large value of the p−dσ
hybridization as a consequence of the extended nature of the
early TM 3d orbitals and as a resultant, some of the early
transition-metal oxide (TMO) compounds along with V2O3
are placed in the intermediate insulating regime. Therefore, the
large ligand to metal p−d hybridization leads to a strong
covalency into the system and can play a crucial role in
determining the insulating state of a correlated material. In
addition, the electronic correlation can be tailored by tuning
various factors such as sample stoichiometry, applying epitaxial
strain, chemical doping, external biasing, and so on.31

Interestingly, Peng et al. demonstrated the conversion of
memory switching by tuning the electronic correlation of a
strongly correlated NiO system and suggested the profound
effect of electronic correlation on the resistive switching
mechanism.31 Therefore, it is important from the technological
as well as the fundamental point of view to probe the electronic
structure of correlated electron system V2O3 in the thin film
form where the electronic correlation can be tuned using the
substrate-induced lattice misfit strain.
In the present study, we have investigated the detailed

electronic structure of an epitaxial V2O3 thin film at both the
M-phase (300 K) and the I-phase (120 K) using resonant
photoemission spectroscopy (RPES) and X-ray absorption
near-edge spectroscopy (XANES). The combined XANES and
valence band spectra (VBS) provide an insight into the
evolution of electronic correlation strength (U/W), which is
the driving parameter for the MIT and the origin of the band
gap in the strained V2O3 film. The substrate-induced lattice
misfit strain alters the V−O bond topology, which causes an
enhancement of the V 3d−O 2p bond covalency in the
strained V2O3 thin film, leading to a CT type (U > Δ)
insulating state at low temperature (LT), different from its
bulk counterpart.

■ RESULTS AND DISCUSSION
Crystal Structure and Resistivity Measurements.

Figure 1a shows the RT θ−2θ XRD patterns of a V2O3 thin
film grown on a (001)-oriented Al2O3 substrate. The
diffraction patterns indicate the single-phase growth of the
film with a hexagonal crystal structure oriented along the (001)
direction. The out-of-plane lattice parameter of the film is
calculated to be 13.96 Å. The in-plane lattice parameter
obtained from the RT in-plane θ−2θ XRD of the grown film as
shown in the inset of Figure 1a is found to be 4.96 A°. The 4%
in-plane lattice mismatch between the V2O3 bulk (a = b =
4.951 A°) and the substrate (a = b = 4.758 A°) would cause an
enhancement in the out-of-plane lattice parameter and
diminution of the in-plane lattice parameter of the V2O3
film. However, we observed a reverse scenario for the V2O3
thin film studied here, where the V2O3 film exhibits a tensile
strain in the in-plane direction, as a resultant of which the
lattice parameter along the out-of-plane direction shortens.
Such reversal arises due to the huge difference in the thermal
expansion coefficient (TEC) between V2O3 and Al2O3.

32

Therefore, the lattice mismatch alone cannot explain the above
observations; the thermal strain that is generated due to the
difference between the TEC should be taken into account in
order to understand the alternation of the lattice parameters of
the V2O3 film when deposited over TEC mismatched Al2O3

substrates.
Figure 1b shows the azimuthal in-plane phi scans of the

grown film and the substrate along the (116) reflection. The
scans of the V2O3 thin film and Al2O3 substrate show six
diffraction peaks separated by 60°, which confirm the presence
of a sixfold symmetry in the grown film. Moreover, the peak
positions of the substrate and the film match together,
suggesting the epitaxial growth of the V2O3 film on the
Al2O3 substrate.
To probe the electrical transport properties of the film,

temperature-dependent resistivity measurement of the film was
performed, as shown in Figure 1c. The resistivity derivative
exhibits a peak at 160 K, designated as transition temperature
(Tc), which denotes the formation or destruction of
percolation conduction.

Electronic Properties. Valence Band Spectroscopy
across MIT. Figure 2 shows the VBS of the epitaxial V2O3

thin film recorded at an incident photon energy (hν) of 58 eV

Figure 2. VBS analysis of the V2O3 thin film. (a) Deconvoluted VB
photoemission spectrum of the V2O3 thin film in the M-phase (300
K). (b) Deconvoluted VB photoemission spectrum of the V2O3 thin
film in the I-phase (120 K), both recorded at a 58 eV photon energy
with the inset showing a zoomed view near EF at both 300 and 120 K;
the presence of spectral intensity confirming the metallic and absence
of spectral intensity confirms the insulating nature of the V2O3 thin
film at 300 and 120 K, respectively.
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in the M-phase (300 K) and I-phase (120 K), respectively. The
presence of continuous spectral density of states (DOS) at the
EF at RT indicates the metallic nature of the film, whereas the
absence of DOS at 120 K is consistent with the insulating
nature of the film. We have deconvoluted the VBS with the
minimum number of Gaussians and analyzed the different
features present in the VBS. The spectrum consists of two
main spectral regions: (i) EF to 3 eV and (ii) 3−9 eV. In the
first region, the feature between EF and 2−3 eV EB can be
referred to as a combination of the Hubbard band (HB) + QP
peak.22,33,34 In the M-phase, such a spectral region is fitted with
three peaks centered at around EB positions 0.1 eV (AM), 0.8
eV (BM), and 1.5 eV (CM). The feature AM represents the

coherent QP feature, where the screening charge comes from
the delocalized state at the EF. Features BM and CM represent
the incoherent features and correspond to the localized
electronic states due to electron correlation. The DMFT
described the coexistence of coherent QP features close to EF
and an incoherent feature described as a spectral signature of
LHB at a higher EB in the M-phase of a correlated V2O3
compound.35 The other region between 3 and 9 eV is
dominated by O 2p contributions. In agreement with the
previous experimental results,36 the VBS in this EB range
presents a pronounced and broad feature around 6 eV EB,
evolving in a clear three-peak structure with a residual tail of
intensity at EB ≥ 10 eV. The feature DM around 4.5 eV is

Figure 3. Energy-dispersive curves and CIS plots of the V2O3 film. (a) Energy distribution curves obtained in the M-phase at 300 K for the photon
energies between 32 and 68 eV. (b) CIS spectra of features “AI (0.8 eV)” and “AM (0.1 eV)” in the VB of the V2O3 thin film. (c) CIS spectra of
features “BI (1.5 eV)” and “BM (0.8 eV)” in the VB of the V2O3 thin film. (d) CIS spectra of features “CI (2.4 eV)” and “CM (1.5 eV)” of the V2O3
thin film. (e) CIS spectra of features “EI (6 eV)” and “EM (5.8 eV)” of the V2O3 thin film: the inset shows the CIS spectra of features “FI (7.2 eV)”
and “FM (7 eV)”.
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assigned as O 2p nonbonding orbitals.36,37 The features EM
and FM at 5.8 and 7 eV are attributed to the V 3d−O 2p
hybridized orbitals, respectively.
In the I-phase of V2O3 (120 K), besides the absence of

spectral DOS at EF, the VBS shift slightly toward a higher EB.
We have also fitted the V 3d-dominated region near the EF
with three features, akin to the RT VBS, positioned at 0.8 eV
(AI), 1.5 eV (BI), and 2.4 eV (CI) as shown in Figure 2b. The
energy positions of the incoherent structures still remain the
same as in the M-phase at 0.8 and 1.5 eV. However, it appears
that a spectral weight from the coherent states at 0.1 eV in the
M-phase shifts to the 2.4 eV EB position of the I-phase as the
system undergoes MIT. An earlier report based on the cluster
calculation suggested that in V2O3, the coherent state present
near EF shifts to a higher EB (∼3.0 eV) as the M−H screened
state with the MIT.38 The higher EB region (3−9 eV) is
dominated by the O 2p band that is also fitted with three
spectral features akin to the VBS of the M-phase as positioned
at 4.7 eV (DI), 6 eV (EI), and 7.2 eV (FI). A weak feature “G”
is observed at around 10 eV in the M-phase as well as the I-
phase, which is attributed to the satellite structure of
vanadium.36,39

RPES across MIT. To understand the origin of different
features observed in VBS, we performed the RPES measure-
ments of the V2O3 film in the metallic as well as insulating
regime (at 300 and 120 K, respectively) by recording the VBS
at different photon energy values swept through 30−68 eV,
which cover the V 3p−3d excitation, as shown in Figure 3a
(for the M-phase). It is clearly observed that the intensity of
the feature centered at EB 1 eV increases with the photon
energy, and it reaches a maximum at about 52 eV, in both the
M- and I-phases. In RPES, such an observed photoemission
enhancement is ascribed to the resonant photoemission
intensity of the TM-3d derived states.40,41 It is well known
that 3d photoemission is resonantly enhanced at the 3p−3d
photoemission due to the occurrence of an indirect process
associated with the Super Coster−Kronig decay of the
intermediate state reached by photo-absorption, which has
the same initial and final states as a direct photoemission
process. The direct PE process of a valance V 3d electron is
described as

ν+ → + −hV: 3p 3d (t ) V: 3p 3d (t ) e6 2
2g
2 6 1

2g
1

However, the indirect process called Super Coster−Kronig
decay occurs as described below

ν+

→ [ ]*

→ + −

hV: 3p 3d (t )

3p 3d

V: 3p 3d (t ) e

6 2
2g
2

5 3

6 1
2g
1

The quantum−mechanical interference within the final
states of these two processes leads to resonantly enhanced
photoemission intensity. However, the atomic O 2p photo-
ionization cross section decreases gradually with the photon
energy.42 Thus, the origin of the resonance at around 52 eV
photon energy can be explained on the basis of the quantum-
mechanical interference between two excitation processes of
the V3+ state, consistent with a previous report.43 The energy
of the resonance maximum for V3+ in the film is shifted by 10−
15 eV from the calculated 3p → 3d threshold energy 37 eV for
V3+ according to a one-electron picture. In the case of lighter
TMOs, this delay in resonance occurs due to the contribution

of exchange interaction, which increases the energy of the
intermediate excited state [3p53d3]*.44

The variation in the spectral intensity of different features in
the VBS with the incident photon energy is revealed more
clearly in the constant initial state (CIS) spectra plot, as shown
in Figure 3b−e. The CIS spectra are plotted by taking the area
under different features for all photon energy values. Figure
3b−e shows the photon energy dependence of the CIS
intensity for different features in the metallic as well as the
insulating regime. It is observed that the features AM (0.1 eV),
BM (0.8 eV), and CM (1.5 eV) for the M-phase and AI (0.8
eV), BI (1.5 eV), and CI (2.4 eV) for the I-phase reveal the
resonance enhancement in intensity with the photon energy,
indicating the dominant presence of the V 3d band.
Interestingly, in the M-phase, the CIS of the feature AM (0.1
eV) reveals only resonance enhancement, while the CIS of
feature AI (0.8 eV) in the I-phase exhibits an antiresonance dip
at around 42 eV photon energy followed by resonance. The
CIS of both features BM (0.8 eV) and BI (1.5 eV) shows a
sharp enhancement along with an antiresonance dip at a lower
photon energy. Similarly, the feature CM (1.5 eV) reveals a
resonance followed by an antiresonance dip at 42 eV, while
feature CI (2.4 eV) reveals only a resonance peak without a
remarkable antiresonance dip.
It is known that the shape of the resonance profiles obtained

from the RPES can be useful to distinguish the nature of the
final states associated with the specific feature in VBS.45 The
CIS spectra for the 3dn−1 final states show only a resonance
peak without a remarkable antiresonance dip near the TM
3p→3d threshold, while for 3dnL (where L denotes a hole in
the O 2p band) final states, an antiresonance dip on the lower
photon energy side of a shallow peak is accentuated. Thus, the
presence of only a resonance peak in the CIS plot for the
coherent feature AM (0.1 eV) in the M-phase suggests the
dominant contribution of the 3dn−1 (3d1) final state character,
whereas the incoherent features BM (0.8 eV) and CM (1.5 eV)
reveal the antiresonance dip followed by the sharp resonance,
suggesting its 3d2L final state character. In the I-phase, CIS
plots of incoherent features AI (0.8 eV) and BI (1.5 eV) reveal
the antiresonance dip followed by the sharp resonance,
suggesting its 3d2L nature. The CIS of the unique feature CI
(2.4 eV) in the I-phase of the V2O3 film shows only resonance
enhancement akin to the coherent feature AM (0.1 eV) of the
M-phase, suggesting its dominant contribution of the 3dn−1

(3d1) final state. Therefore, the similar nature of the final state
(3d1) associated with the feature AM and CI further confirms
that a spectral weight transfer has taken place from the
coherent screened state AM (0.1 eV) to M−H screened states
CI (2.4 eV) as the V2O3 undergoes MIT. Features EM (5.8 eV),
FM (7 eV) and EI (6 eV), FI (7.2 eV) in the O 2p-dominated
region that appeared in both the metallic and the insulating
states also show resonance enhancement, which divulges the
presence of an appreciable amount of V 3d character. Such
resonant enhancement in the O 2p band was also observed in
LaVO3 and YVO3

46 and was attributed to O 2p and V 3d
hybridization.

Probing Unoccupied State across MIT. Figure 4a,b shows
the V L3,2 and O K-edge X-ray absorption spectroscopy (XAS)
spectra of the V2O3 film, in both the M-phase (300 K) and the
I-phase (120 K). The V L-edge spectra correspond to
transitions from a well-defined ground state 2p63d2 to one of
the final states 2p53d3 followed by the dipole selection rule.
Figure 4a show two broad peaks centered at the position of
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around 518 and 524.6 eV assigned to L3 (V 2p3/2−V 3d) and
L2 (V 2p1/2−V 3d) transitions, respectively, owing to the spin−
orbit coupling. The overall shape of the spin−orbit split V L3,2
absorption peak is determined by the crystal-field effects along
with the multiplet effects, which are originated the by 3d−3d
Coulomb, the 2p−3d Coulomb, and the exchange inter-
actions.47 The V 2p1/2 peak is more broadened than that of V
2p3/2 due to the Coster−Kronig Auger process.47,48 These
spectra agree well with the previous XAS measurements of the
bulk V2O3,

49 further confirming the V3+ state of the grown
V2O3 film. Further, to confirm the oxidation state of V in V2O3,
we have recorded the V K-edge XANES in the M-phase as
shown in the inset of Figure 4a. In the distorted octahedral
environment of V2O3, the pre-peak structures A and B appear
due to transitions from 1s to 3d−4p hybridized orbitals,
whereas feature D is assigned to the dipole-allowed 1s to 4p
transition. The pre-peak structures A and B are positioned at
photon energies 5468.2 and 5469.6 eV, and feature D is
positioned at 5488.9 eV. The photon energy positions of these
features and the spectral shape of the V K-edge agree well with
the previous reports,50,51 confirming the V3+ state in our grown
film.

The O 1s absorption spectrum corresponds to the
transitions from the O 1s core level to unoccupied O 2p
states hybridized with the V 3d orbitals, as shown in Figure 4b.
The features centered at photon energy positions 530.2 and
533.2 eV obtained at the RT O−K edge spectrum correspond
to the transitions of the electron from the O 1s core level to
hybridized unoccupied O 2p−V 3d t2g (a1g + eg

π) and V 3d eg
σ

states, respectively. The presence of intense crystal-field split
t2g and eg

σ states in the O−K edge spectra of our studied film
discards the possibility of other VOx compositions, clearly
confirming the stoichiometric V2O3 film.52,53 The feature at a
higher photon energy of around 540−545 eV corresponds to
the transitions from the O 1s core level to the hybridized O
2p−V 4sp structure. The crystal-field splitting energy
calculated from the separation between the t2g and eg states
is found to be 3 eV, which is larger than the value of the bulk
(2.1 eV) as well as that of the thin film of V2O3 (2.46 eV).

47,54

Such an enhanced value of the crystal field in the film studied
here can be understood by considering the ligand field theory
where the interaction potential (QV) depends on the metal to
ligand distance given by the equation
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where x, y, z, and r are related to the Cartesian co-ordinates
and “a” is the distance between the center of the octahedron
and the charge. It should be noted here that in V2O3, trigonal
distortion further splits the a1g and eg

π states, where the
splitting depends upon the c/a ratio.20 Hu et al. have shown
that a lower value of c/a offers the larger trigonal distortion in
the V2O3 film, which can also cause an enhancement in the
crystal-field splitting energy. Thus, in the V2O3/Al2O3 film
studied here, both the substrate-induced lattice misfit strain
and the larger trigonal distortion with c/a = 2.81 modify the
interaction potential at the center of the octahedron and
resultantly, a higher crystal-field value is observed compared to
the previous reported V2O3 bulk and film. Besides, the
hybridization strength between V 3d and O 2p is also
estimated from the radial extent of the 3d orbital (rd) and the
metal−oxygen distance dTM‑O, using the relationship given by
Harrison, σ ∝ −r d(pd ) /d

1.5
TM O
3.5 .55,56 The reduced out-of-plane

lattice parameter in the V2O3 thin film results in a decrease in
the V−O bond length, which also leads to the stronger
hybridization between V 3d and O 2p orbitals. To get an
insight into the changes in the V−O bond lengths of the grown
film, we further carried out RT extended X-ray absorption fine
structure (EXAFS) measurements as discussed later in the
article.
To understand the modification in the unoccupied DOS of

V2O3 upon MIT, we further recorded the O K-edge spectra of
the epitaxial V2O3 film in the I-phase at 120 K. Interestingly,
we observed that with the lowering of temperature, the
intensity of both features A representing the t2g (a1g + eg

π)
band and feature B (eg

σ band) sharply increases in the I-phase
compared to the M-phase. Moreover, in the I-phase, the
intensity of the t2g feature is enhanced in comparison to that of
eg

σ. It is important to note that the charge state or the valance
state of vanadium remains unchanged (V3+) across MIT in
V2O3 as confirmed from the same onset position of the V L
edge XAS at both the temperatures and LT XPS (not shown
here). Hence, the enhancement in the intensity of the
unoccupied V t2g and eg bands may be due to the modifications

Figure 4. XAS analysis of the V2O3 film across MIT. (a) V L-edge of
the V2O3 thin film in the M-phase (300 K) and I- phase (120 K); the
inset shows the V K-edge XANES spectrum of the V2O3 thin film in
the M-phase. (b) O K-edge XANES of the V2O3 thin film at both the
M- and I- phases. (c) Simulated V3+ L-edge spectra along with the
experimental V L-edge of the V2O3 thin film at 300 and 120 K.
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in hybridization between V 3d (t2g) and O 2p in the I-phase.
The MIT in V2O3 is associated with a structural transition
from the RT corundum to the LT monoclinic phase. In the LT
monoclinic phase, an expansion in the V−V bond length and
rotation of V−V bond direction of about 1.8° from the c-axis,
that is, with respect to the basal plane results in squeezing of
the oxygen octahedral.22 Such squeezing of octahedra results in
increasing the hybridization between the V a1g orbitals (orbitals
directed toward the basal plane) and O 2p orbitals, which can
result in an enhancement of feature A at 120 K. Besides such
enhancement, the energy positions of the first feature in O K-
edge absorption spectra obtained at the I-phase slightly shifts
toward a higher photon energy as compared to the metallic
state. Such shifting in the position toward a higher photon
energy can be attributed to an increase in U/t as a
consequence of decrease in dielectric screening.56,57 The
crystal-field splitting energy in the I-phase is calculated to be
2.2 eV from the experimental XAS spectra.
CT Multiplet Calculation. To better understand the V L

edge of the strained V2O3 film in the metallic and I-phases, we
have simulated the V3+ L-edge spectrum by the CT multiplet
program for XAS (CTM4XAS) under the ligand field and CT
multiplet approach.58 The CT multiplet calculations are
performed by varying the reduction in Slater integrals,
crystal-field splitting 10Dq, CT parameters like CT energy
Δ, d−d interaction energy Udd, the core hole potential Upd
(Upd ≈ 1.25Udd), and p−d transfer integral T for both the M-
and I-phases of the V2O3 film. Figure 4c shows the simulated
L2,3 spectrum of V3+ along with the experimental V L-edge of a
strained V2O3 film at 300 and 120 K, respectively. The
Lorentzian of 0.4 eV and Gaussian of 0.3 eV are used for
convolution of the simulated spectrum. To compare the
experimental spectra, broadening due to the presence of several
intrinsic broadening mechanisms such as lifetime effects,
vibrations, hybridization (covalency), and so on are also
taken into consideration. It is important to highlight that in
oxides, the covalency introduces more broadening in the
experimental spectra.47 For the simulation, the symmetries are
limited to octahedral (Oh), tetragonal (D4h), and fourfold
symmetry (C4). The distortion from a perfect Oh symmetry to
a D4h symmetry causes the splitting of t2g orbitals into lower-
lying eg

π and upper lying a1g orbitals in V2O3. In the D4h
geometrical symmetry, T (b1), T (a1), T (b2), T (e)
symmetries are related to x2 − y2, z2, xy, and xz/yz orbitals,
respectively. In the M-phase, the Slater integrals are reduced to
60% of the Hartree−Fock values, and the parameters used for

simulation are as follows: d−d interaction energy (Udd) = 1 eV,
core-hole potential (Upd) = 2 eV, CT energy (Δ) = 1.8 eV,
crystal-field splitting (10Dq) = 3 eV, and hopping parameter T
(b1) = 3.6 eV. In early TM compounds, due to the extended
nature of 3d electrons, the hybridization results in a reduction
of mutual interactions. Hence, it is important to highlight that
this hybridization effect can be simulated by an extra reduction
of the two-particle interaction parameters Fdd

2 and Fdd
4.47

Hence, the reduction of Slater integrals to 60% of the Hartree-
Fock values as compared to the reported 80% in the bulk
V2O3

30 suggests the increase in covalency in our grown film in
comparison to the bulk V2O3. Similarly, we have fitted the RT
core level V 2p XPS spectrum of the V2O3/Al2O3 film studied
here using the CTM4XAS software (not shown here). The
obtained simulated XPS spectrum appears to be well matched
with the experimental result, which further confirms the
reliability of our experimentally extracted electronic parameters
from the combined VBS and XAS spectra. In the simulated
XPS spectrum, we have used slightly higher Lorentzian and
Gaussian broadening of 0.6 and 1 eV as compared to simulated
XAS owing to the different core-hole final state and
instrumental broadening. In the I-phase, the Slater integrals
were also reduced as compared to the bulk value. The
parameters used for simulation are d−d interaction energy
(Udd) = 4.2 eV, core-hole potential (Upd) = 5.5 eV, CT energy
(Δ) = 2.6 eV, crystal-field splitting (10Dq) = 2.2 eV, and
hopping parameter T (b1) = 3 eV.

Local Structure Using EXAFS. As the EXAFS is a very useful
technique to realize the local geometric structure around the
absorption site, we have performed the V K-edge EXAFS
measurement of a strained V2O3 thin film at RT. Figure 5a,b
shows a k2-weighted signal in k-space and corresponding
modulus, imaginary part of Fourier transforms (FT),
respectively, of V K-edge EXAFS spectra for a strained V2O3
thin film. For modeling of the experimental data, we have used
the R3̅C space group (corundum structure), and the atomic
positions used are taken from the previous literature on bulk.59

The fits were confined to an R-range of 1 Å ≤ R ≤ 3 Å and a k-
range of 2.5 Å−1 ≤ k ≤ 10 Å−1. Within this fitted region,
EXAFS spectra originate because of photoelectron scattering
from the first nearest neighbor octahedral O atoms and the
second nearest neighbor V atoms. During refinement, the same
amplitude reduction factor (S0

2) and energy shift (ΔE0) were
used for all coordination shells. In the EXAFS theoretical
model, for each coordination shell, atomic pair separations (R)
and mean-square relative displacement factors (σ2) were

Figure 5. EXAFS study of the V2O3 film. V K-edge EXAFS analysis; (a) k2-weighted spectra and (b) modulus, the imaginary part of the Fourier
transforms presents the observed signals (hollow/black circles) and their best fits (solid/red lines) for the V2O3 thin film. Contributions from
different coordination shells in the EXAFS spectra are presented with arbitrary vertical shifts.
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refined to adequately reproduce the experimentally observed
pattern. Some preliminary fitting trials show that both R and σ2

for V−O (1) and V−O (2) scattering paths are highly
correlated. Therefore, the same R and σ2 parameters are used
for V−O (1) and V−O (2) scattering paths. A similar
constraint is also considered for the σ2 value of V− V (1) and
V−V (2) coordination shells. The best fit of EXAFS spectra in
k-space and R-space as shown in Figure 5a,b indicates a
reasonable agreement between the theoretical model and
experimental pattern. Obtained values of structural parameters
are listed in Table 1. EXAFS analysis reveals that in the studied

V2O3 thin film, V−O as well as V−V coordination distances
reduce as compared to the V2O3 bulk.59 A previous XRD
refinement study on doped (Cr and Ti) single crystal V2O3
revealed enhanced V (1)−V (2) and V (1)−O (1) bond
distances.60 However, the nature and effective length scale of
the strain in the chemically doped system could be different
from the epitaxial strain in the film.61 It is quite evident that
effectively the VO6 octahedron shrinks as all the V−O bond
distances have shortened with respect to the corresponding
bulk values. This shrinkage leads to enhancement in the
hybridization strength and crystal-field splitting for the V2O3
thin film studied here, as observed in the XAS analysis.
Electronic Structure near the Vicinity of Fermi Energy (EF)

across MIT. The experimental VBS and conduction band
(CB)(oxygen K-edge) spectra of an epitaxial V2O3 film are
combined to study the modifications in the band structure
around the EF as the temperature is varied across MIT, as
shown in Figure 6. We have used the O K-edge spectrum for
the representation of the CB because the core-hole effect on
the final state density of state in the O K-edge is considerably
lesser compared to that of TM 2p edges.40 The EF is
determined with respect to the O K-edge XAS spectrum by
subtracting the photon energy position of the O K-edge
spectrum from the O 1s core level EB position of the V2O3 film
obtained from XPS. In the M-phase, two prominent features
are observed in the CB of the O−K edge at 0.8, 3.8 eV and one
broad feature at around 15 eV. The feature centered at around
0.8 eV arises primarily from the unoccupied part of the crystal-
field split t2g (a1g + eg

π) band and represents the spectroscopic
signature of the UHB. The completely empty eg

σ band appears
at a higher energy of 3.8 eV. The last feature (at 15 eV) is
attributed to the V 4s−4p band hybridized with O 2p. From
the RT VBS, it is realized that the coherent band near EF (at
0.1 eV) is dominated by the V 3d character and represents the
LHB. The value of on-site Coulomb repulsion energy “U” is
the energy difference between the LHB and UHB, and the CT
energy “Δ” is the energy difference between the O 2p band and
UHB. From the combined spectra in the M phase, U is
estimated to be 1 eV and Δ is estimated to be 1.8 eV. The
combined spectra in the I-phase reveal U and Δ as 4.2 and 2.6

eV, respectively. These values are similar to those obtained
from the simulation of the V L edge from the CT multiplet
program. The obtained higher value of Δ compared to the U
(U > Δ) clearly demonstrates the low-temperature CT-type
insulating nature of the studied strained epitaxial V2O3 film.
The Hubbard model explained well the kinetics of correlated

systems in terms of the kinetic or hopping term t and on-site
Coulomb repulsion U.3 The kinetic part favors the itinerant
behavior of electrons, while the Coulomb repulsion tries to
localized electrons at their respective atomic sites, and hence, a
delicate balance between U andW (=2Zt, Z: number of nearest
neighbors) governs the MIT in correlate electronic systems.
The electronic correlation strength parameter defined as the
ratio of the Coulomb interaction U and the bandwidth W (U/
W) determines the electronic properties of correlated systems
as described by the Hubbard model.1,11 From the combined
spectra of V2O3 in the M-phase (shown in Figure 6a), the
electronic correlation strength is calculated to be U/W = 0.4
and the CT energy is calculated to be 1.8 eV. At RT, the
presence of a QP peak (at 0.1 eV) near EF and U/W = 0.4
reveals the strongly correlated metallic nature of the V2O3 film.
The obtained electronic correlation strength U/W is larger as
compared to previous studies.62 The origin of such disparity
lies in the different ways of U/W estimation. In previous
studies, W is estimated from band structure calculations,62,63

and it is shown that the obtained theoretical value of W is
nearly double the value obtained from the photoemission
spectroscopic experiment.64 Besides, there is also inconsistency
in the measured value of Coulomb correlation energy (U)
using high-energy spectroscopy and low-energy optical

Table 1. Structural Parameters for a Strained V2O3 Thin
Film and V2O3 Bulk from ref 59a

V2O3/Al2O3 (001) thin film V2O3 bulk
59

bond σ2 (10−3 Å2) R (Å) Reff (Å)

V−O (1) 7 (1) 1.938 (2) 1.96300
V−O (2) 7 (1) 2.036 (2) 2.06190
V−V (1) 10 (2) 2.656 (9) 2.69680
V−V (2) 10 (2) 2.875 (9) 2.88200

aNumbers in parentheses represent the error bar on the last digit.

Figure 6. Band structure near the EF, derived from the combined
experimental VB and CB of the V2O3 film across MIT. (a) Band
diagram near the EF, derived from the experimental VB and CB of the
V2O3 thin film in the M-phase (300 K). (b) Band diagram near the EF,
derived from the experimental VB and CB of the V2O3 thin film in the
I- phase (120 K).
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conductivity techniques. For example, in XAS, sometimes the
transition to the lower empty sate is forbidden by the selection
rule (dipole transition), which inevitably shifts the XAS edge
and hence increases the U. Moreover, U is higher in the thin
film compared to its bulk counterpart as the two-dimension-
ality enhances the U due to the reduced dielectric screening.
These effects altogether could effectively enhance the U/W
value. The Mott MIT occurs when the electron interactions are
sufficiently strong to cause the QP peak to vanish as the
spectral weight of that low-frequency peak is transferred to the
high-frequency Hubbard bands with opening a band gap. This
is quite evident from the CB and valence band (VB) combined
spectra of the V2O3 film in the insulating state, which clearly
reveal the opening of the gap, calculated to be 0.4 eV, and the
enhanced electronic correlation strength calculated to be U/W
= 1.8.

■ DISCUSSIONS
According to the phenomenological model proposed by the
Zaanen−Sawatzky−Allen,29 V2O3 is suggested to be a d band-
correlated metal at RT and an M−H type of insulator with a
d−d type of lowest energy charge fluctuation in the I-phase.
However, some previous studies based on experiments and
theory suggested a few early TM compounds along with bulk
V2O3 to be placed intermediate between M−H and CT
regimes owing to the equivalent value of U∼ Δ.30 In the
present study of an epitaxial V2O3 film, the CIS spectra of a
coherent feature in the M-phase reveal the dominated V 3d
character with a 3dn−1 final state configuration. Hence, the
lowest energy charge fluctuation across the EF in the M-phase
of the V2O3 thin film is of a 3d1 to 3d3 type (d−d type).
However, the CIS spectra of incoherent features AI (0.8 eV)
and BI (1.5 eV) near EF in the I-phase divulge the 3d2L final
state configuration akin to the M-phase. Due to the transfer of
spectral DOS from near the EF coherent state to the higher EB
M−H screened state across MIT, the I-phase of the epitaxial
V2O3 thin film is governed by the lowest charge fluctuation of
the type of 3d2L to 3d3 configuration. The 3d2L final state of
the incoherent feature confirms the strong screening from the
O 2p states and suggests the dominant presence of O 2p
orbitals in the form of hybridization with V 3d orbitals, which
makes the lowest energy charge fluctuation of a p−d type in
the insulating state of V2O3. The obtained U > Δ from the
combined spectra and the p−d type of lowest energy charge
fluctuation unequivocally confirms the LT CT-type insulating
state of the strained epitaxial V2O3 film. This realization of the
insulating state in the epitaxial V2O3 thin film is different from
that of its bulk V2O3 counterpart. The emergence of the band
gap is realized due to the transfer of spectral weight from
coherent band AM in the M-phase to the M−H screened state
in the I-phase at around 2.4 eV. Our observations are in
accordance with the earlier cluster model calculations on V2O3,
which concluded that the coherent QP feature 3d2C (where C
denotes a hole in the coherent band) has a dominant V 3d
character, whereas the incoherent feature has a mainly 3d2L
nature and possesses a mixed V 3d−O 2p character.38 The
band structure of the V2O3 thin film at both the M-phase (300
K) and the I-phase (120 K) can be clearly understood from the
schematic band diagram (shown in Figure 7), which clearly
divulges that the electronic correlation strength (U/W)
increases as the system undergoes MIT. In a previous study,
Fujiwara et al. reported that the U values did not change
through the MIT by probing the EB position of LHB using

high-resolution hard XPS.65 However, in the present study, our
RPES analysis performed in the photon energy range of 30−68
eV reveals a clear transfer in the V 3d state position toward the
higher EB side under MIT. It should be noted that this photon
energy range offers a relatively higher V 3d/O 2p photo-
ionization cross section, which allows us to probe minute
changes in the spectral intensity of VBS.
It is important to mention here that the substrate-induced

strain plays a vital role in modifying electronic properties in the
thin-film form compared to bulk V2O3. The lower value of c/a
modifies the local electronic structure by reducing the V−O

Figure 7. (a) Schematic illustration of a strongly correlated metallic
nature and CT-type insulating nature of an epitaxial V2O3 thin film.
(b) Δ−U plot for the grown V2O3 film lying in the CT regime with a
previously reported V2O3 bulk sample placed in the intermediate
regime. The region above the line (U = Δ) is the CT regime, while
below it is the Mott−Hubbard regime.
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bond lengths of the V2O3 thin film studied here as observed
from the EXAFS study. Such a reduction in the V−O bond
lengths results in an enhanced crystal-field splitting as well as V
3d−O 2p pdσ hybridization. As a result, the strained epitaxial
V2O3 thin film shows the CT (p−d) type of insulating
character in the insulating regime in contrast to the
intermediate of the CT and M−H insulating character of its
bulk counterpart, shown schematically in Figure 7b. Shortening
of both V−V and V−O bond lengths appears to be different
from observations made from the XRD pattern, which revealed
the elongation in in-plane and shortening along out-of-plane
lattice parameters with respect to bulk V2O3. Here, we want to
highlight that in the case of the V2O3 thin film studied by us,
the EXAFS model fits were confined to the R-range of 1 Å ≤ R
≤ 3 Å, which mainly covers the single VO6 octahedra along
with second co-ordination of the V−V linkage. Here, we have
not calculated the parameters of the entire unit cell but the first
and second nearest neighbor distances only. Using EXAFS
data, we probed the modification in the VO6 octahedra of the
unit cell since the transport or electronic properties are
primarily governed by the nature of the VO6 octahedra.
Further, we would like to mention here that in distorted
octahedral systems such as V2O3, the local structural
parameters determined from the EXAFS study may deviate
from the average structural parameters determined using
diffraction measurements.66 Recently, Chowdhury et al.
extensively studied the electronic and magnetic properties of
SrCoO2.5 thin films via strain engineering and discussed its
huge technological applications by modifying the electronic
correlations.40 Tuning the resistance states, especially the
nonvolatile resistive switching via strain in heterostructures
such as V2O3/PMN-PT and VO2/PMN-PT, is an active field
and provides a potential strategy for designing prototype
devices in the information storage industry.26,67 In the present
study, the different competing electronic correlation energetics
responsible for the CT type insulating character of the V2O3
thin film in contrast to its bulk via strain engineering may lead
to a unique switching mechanism where besides electrons in
metal 3d band, holes in the ligand 2p band can participate in
low-energy-charge fluctuation, which may lead to a next-
generation efficient resistive switching device.

■ CONCLUSIONS
We have studied the modifications in the electronic structure
across MIT of an epitaxial V2O3 thin film grown on a single-
crystalline Al2O3 (001) substrate by pulsed laser deposition
(PLD). Lattice mismatch results in the in-plane tensile and
out-of-plane compressive strain in the grown film. In
temperature-dependent VBS, a spectral weight transfer is
clearly observed from the metallic coherent band (AM) to the
insulating M−H screened band (CI) across MIT, resulting in
an opening of a band gap. A substrate-induced lattice misfit
strain reduces the V−O as well as V−V coordination distances
compared to the V2O3 bulk. The effective shrinkage of the VO6
octahedra and reduction in V−O bond distances in the V2O3
film causes an enhancement in the crystal-field energy and O
2p and V 3d hybridization strength compared to those of the
bulk counterpart. The combined CB spectra and VBS in the
insulating state suggest the CT type (U > Δ) of the insulating
nature of the V2O3 thin film at LT. The enhanced covalency
arises due to the combined effect of the lattice parameter and
TEC mismatch between V2O3 and the Al2O3 substrate,
resulting in the stronger hybridization between O 2p and V

3d in the V2O3 film studied here, which leads to the decrease in
the CT energy compared to that of the bulk V2O3 in the
insulating regime. Our results provide a better understanding
of different competing electronic energetics that can be tailored
using epitaxial strain and offers an alternate approach to new-
generation correlation-derived switching devices.

Methods. Sample Growth. A single-phase V2O3 thin film
was grown on the (001)-oriented single-crystalline Al2O3
substrate using PLD techniques. For the thin-film growth, a
dense pallet of a single-phase V2O5 bulk target was used.
During deposition of the V2O3 film, the substrate to target
distance was kept at 4.5 cm, the laser energy density at 1.6 J/
cm2, and the laser repetition rate at 5 Hz. The base pressure
inside the chamber during deposition was maintained at 3 ×
10−6 mBar and the substrate temperature (Ts) was maintained
at 650 °C. After deposition, the film was cooled to RT at a rate
of 10 °C/min in the same base pressure as used during
deposition. The thickness of the film was calculated to be 35
nm using X-ray reflectivity (not shown here).

Structural Characterization. The structural character-
ization was performed using a Bruker D2 Phaser X-ray
diffractometer with Cu Kα (λ = 1.5406 Å) radiation. The in-
plane θ−2θ XRD and phi scan were done using a Bruker D8-
Discover high-resolution X-ray diffractometer. The resistance
versus temperature measurement (300−5 K) was carried out
using a homemade resistivity set-up in a four-probe
configuration.

VBS and RPES. The core-level photoelectron spectra of the
film were recorded using an Al Kα (1486.6 eV) X-ray source
and the Omicron energy analyzer (EA-125, Germany). VB
measurements were performed at different photon energy
values in the range of 30−68 eV in both the M-phase (300 K)
and the I-phase (120 K) at the angle-integrated photoemission
spectroscopy beamline using an Indus-1 synchrotron source at
RRCAT, Indore, India. Prior to the photoemission measure-
ments, the grown film was cleaned using in situ low-energy Ar+

ions. During the spectroscopy measurements, the base pressure
of the experimental chamber was maintained in the order of
10−10 Torr. For calibration of binding energies, the Au foil was
kept in electrical contact with the sample, and EF was aligned
using the VBS of the Au foil. During the VBS measurements,
the pass energy was kept at 20 eV. The experimental resolution
was estimated to be 0.3 eV for the VBS. The background of the
core level and VBS were corrected using the Shirley method.

Extended X-ray Absorption Fine Structure. Local structural
configurations of the V2O3 thin film were probed using EXAFS
measurements at BL-9, Indus-2 synchrotron source, RRCAT,
Indore, India. RT V K-edge EXAFS spectra were recorded in
fluorescence yield mode, and the estimated energy resolution
(ΔE/E) across the measured energy range is about 10−4. The
absorption edge of the V metal foil was used for energy
calibration. After standard background subtraction and
normalization, EXAFS spectra were fitted with a specific
model implementing ARTIEMIS software that uses ATOMS
and FEFF668 programs to simulate the theoretical spectrum by
summing up all partial contributions from scattering paths for a
given crystallographic structure.

X-ray Absorption Spectroscopy. To probe the unoccupied
states of the V2O3 film, XANES was carried out in the M-phase
(300 K) and the I-phase (120 K) using soft X-ray absorption
spectroscopy with an experimental resolution of 0.25 eV in the
total electron yield mode at beamline BL-01, Indus −2
synchrotron source at RRCAT, Indore, India.
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