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Spectral assignments in the infrared absorption
region and anomalous thermal hysteresis in the
interband electronic transition of vanadium
dioxide films
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The metal–insulator transition (MIT) is of key importance for understanding the fundamental electronic

interaction that determines the physical properties of vanadium dioxide (VO2) film. Here, the spectral

slopes of transmittance and reflectance in the infrared absorption region (about 0.62–1.63 eV) and the

interband electronic transitions for VO2 films with thicknesses of 27, 40 and 63 nm have been investigated.

The potential applications of the spectral slopes were presented in detail. It is found that the variation

of resistivity and transmittance increases with the spectral slopes of transmittance and reflectance. It is

surprising that the resistivity of the VO2 film with a thickness of 27 nm is larger than that of the VO2 film

with a thickness of 40 nm in the metal state. In addition, an anomalous counterclockwise thermal hysteresis

with higher energy from the interband electronic transition was also found during the MIT process for the

thinnest film. It is believed that this remarkable phenomenon could be related to the correlation effects in

the rutile phase, which could lead to the splitting of the a1g band into Hubbard bands. The lower Hubbard

band would result in an electronic transition blue-shift with the empty esg band, which can explain the origin

of the counterclockwise thermal hysteresis and the abnormal resistivity in the metal state.

1 Introduction

Vanadium dioxide (VO2) is a paradigmatic example of a prototype
correlated electron system that is vital for both fundamental
physics and applications. It is generally known that the VO2 shows
an unusual first-order metal–insulator transition (MIT) around
room temperature with a variation in electrical conductivity of
several orders of magnitude.1,2 Furthermore, a change of lattice
structure from a high temperature, rutile (P42/mn) to a low
temperature, monoclinic (P21/c) has been observed during the
MIT process.3,4 Several models have been proposed to account
for the origin of the MIT process. The mechanism of the MIT can
be electronically (Mott transition), structurally (Peierls transition)
or collaboratively (Mott–Peierls transition) driven, and is usually
associated with the electronic ordering phenomenon.5–7 Because
of the complicated relationship between the electron–lattice
coupling and the electron–electron interactions, the origin of

and the fundamental mechanism driving the transition are still
controversial.

Due to its prominent optical and electrical properties, VO2 is a
promising candidate for a variety of applications, such as in sensor
devices, modulators, and optical and electrical switching.8–10,12

The MIT properties could be manipulated using not only
temperature, but also electric fields, strain, doping and pressure
etc.13–16 In the past several decades, the impact of the above
factors on the internal mechanism of MIT has been studied
widely. A lot of interesting and new phenomena were found
through various kinds of measurement techniques. However, the
effect of the thickness on the energy transition was often ignored
and scarcely investigated. It is well known that the dynamics of
the electronic correlations may substantially differ from the
conventional physics when the film thickness is relatively thin.
The interband transitions can be affected by altering the film
thickness, which has important implications in a correlated
system with Coulomb repulsion between electrons and orbital
overlaps. Therefore, it is necessary to provide additional insight
into the underlying mechanism of the energy transition for the
cases of films with different thicknesses.

In this study, the VO2 films with different thicknesses were
prepared using pulsed laser deposition (PLD). The spectral slopes
of transmittance and reflectance in the infrared absorption region
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were elucidated in detail. It is found that the resistivity in the
metal state does not decrease with the film thickness, which
can be ascribed to the variation of the carrier concentration. In
addition, an anomalous counterclockwise thermal hysteresis
behavior in a higher energy transition was found for the
thinnest VO2 film. It is believed that the remarkable phenomenon
could be related to the correlation effects in the rutile phase, which
is the origin of the abnormal resistivity and counterclockwise
thermal hysteresis behavior.

2 Experimental details
2.1 Fabrication, microstructure, optical and electrical
characterization of VO2 films

The films were synthesized using a pulsed laser deposition (PLD)
technique and the systematic study of the growth conditions can
be found elsewhere.17 Atomic force microscopy (AFM: Digital
Instruments Icon, Bruker) was used to characterize the surface
morphology of the VO2 films. To evaluate the thickness and
observe the surface microstructure of the VO2 films, scanning
electron microscopy (SEM: Philips XL30FEG) was performed.
X-ray diffraction (XRD) with Cu Ka radiation (l = 0.1542 nm) was
used to characterize the crystal structure of the films. To analyze
the electrical properties, the resistance as a function of the
temperature with different thicknesses was measured using a
THMSE 600 heating/cooling stage (Linkam Scientific Instruments)
in a temperature range from 273 to 373 K. In order to determine the
components and valence states, X-ray photoelectron spectroscopy
(XPS, AXIS UltraDLD, Japan) with Al Ka radiation (hn = 1486.6 eV)
was carried out at room temperature under vacuum. The
temperature-dependent transmittance spectra and near-normal inci-
dent (about 81) reflectance spectra were recorded using a double
beam ultraviolet-infrared spectrophotometer (PerkinElmer Lambda
950) at a photon energy from 0.46 to 6.52 eV (190–2650 nm).

3 Results and discussion
3.1 Microstructure analysis

Atomic force microscopy (AFM) images of the films are shown
in Fig. 1(a)–(c). It can be seen that the VO2 films include many
individual grains and the size of the nanoparticles increases
with the film thickness. Fig. 1(d)–(f) show the high resolution
scanning electron microscopy (SEM) pictures of the VO2 films,
which reveal that the samples consist of homogeneous and
continuous nanoparticles. It can be found that the size of the
grains also increases gradually with the film thickness, which is
consistent with the AFM results. From the cross section shapes
in Fig. 1(g)–(i), the film thickness is about 27, 40 and 63 nm.
Fig. 2(a) shows the XRD diffraction patterns in a regular y–2y
scanning mode for the VO2 films with different thicknesses.
The peaks located at 2y = 27.921 correspond to the (011) plane
for the VO2 films. It is found that the position of the (011) peak
is nearly the same for each film thickness, which demonstrates
that the strain is almost relaxed between the interface of the
film and substrate. This can also be reflected by the TMIT

extracted from the differential hysteresis loops of the resistivity
and transmittance. The full width at half maximum of the (011)
peaks decreases with the film thickness, which illustrates that
the crystal quality can be improved with the film thickness.

3.2 Electrical transport

The resistivity change during a heating–cooling cycle across the
transition regime is shown in Fig. 2(b). The inset presents the
differential curves of the resistivity hysteresis loops. In order to
analyze and compare the transport behavior of the VO2 films,
the parameters of the electrical properties have been extracted
from the related differential curves fitted using a Gaussian
function, wherein Tc represents the phase transition tempera-
ture. The discrepancy of the Tc between the heating and cooling
process was defined as DTc. The phase transition magnitude
and the resistivity at the metal state was denoted as DA and Rr,
respectively. The parameters are presented in Table 1. It can be
seen that the variation of the resistivity for the VO2 films with
thicknesses of 27, 40 and 63 nm is 133, 175 and 875, which
increases with the film thickness. It is worth noting that the

Fig. 1 (a–c) AFM images of the VO2 films with thicknesses of 27, 40 and
63 nm. (d–f) The high resolution SEM pictures of the VO2 films with
different thicknesses. (g–i) The cross section shapes of the films.

Fig. 2 (a) The y–2y scan XRD curves for thickness dependent VO2 films.
(b) The resistivity as a function of temperature for the VO2 films with
different thicknesses. The inset shows differential curves of the resistivity.
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resistivity drop for the VO2 films with thicknesses of 27 and
40 nm is more than a magnitude of 102 and about 103 for the
thickest film. The results are in good agreement with other reports
for VO2 films with different thicknesses.13,18,19 Generally, the
resistivity decreases in the metal state with the film thickness.
However, it is surprising that the resistivity in the metal state seems
to disobey this rule for the VO2 films with the thicknesses of 27 and
40 nm. It is believed that the cracked or twinned structure can lead
to the higher resistivity and the phase transition magnitude of the
resistivity and transmittance can be reduced.20,21 Nevertheless, the
phase transition magnitude of the resistivity and transmittance
increases with the film thickness, which indicates that the effect
of the crack or the twinned structure can be ignored in the
present work. It is generally agreed upon that the degree of the
metallization is closely related to the carrier concentration. Thus,
the abnormal resistivity in the metal state can be accounted for
by a large change in carrier density.

3.3 XPS survey spectra

In order to analyze the components and valence states, X-ray
photoelectron spectroscopy (XPS) was carried out at room
temperature under vacuum. The chemical element of C1s with
a binding energy of 285 eV was used to calibrate the spectra.
The overall core level XPS survey spectrum of the VO2 film with
a thickness of 40 nm is shown in Fig. 3(a). The V 2p and O 1s
spectra of the films with different thicknesses are presented in
Fig. 3(b)–(g). The Lorentzian–Gaussian sum function was used
for dividing the V 2p and O 1s peaks, and can be used to
evaluate the chemical state and stoichiometry of the film.22,23

From the V 2p2/3 peaks, it can be found that there are two peaks
located at about 515.5 and 516.9 eV, which can be assigned to
the oxidation states of V4+ and V5+, respectively.10,11,25,26 The
observation of V5+ peaks is not surprising as the XPS is a surface
characterization technique. In addition, the variation of the
annealing conditions also affects the formation of the valence
states and the VO2 film surface is prone to oxidation after being
exposed to the atmosphere. The main peak located at about
530 eV can be assigned to O 1s and the additional components
with O 1s, located at about 531.5 eV, can be assigned to the C–O
and CQO bonds, which may come from the surface adsorption
oxygen or the sample preparation process.22 To estimate the
concentrations of atoms and the stoichiometry in a homogeneous
system, the following general relation was used:24

NV4þ ¼ AV4þFV5þ

AV4þFV5þ þ AV5þFV4þ
: (1)

NV5þ ¼ AV5þFV4þ

AV4þFV5þ þ AV5þFV4þ
: (2)

RO=V ¼
AO1sFO1s

AV2p3=2FV2p3=2

: (3)

Where A is the peak intensity of the atom, and F is the
sensitivity factor. N and R are the atomic concentration and
the V : O ratio. Note that the FV4+ and FV5+ have been taken as the
same (F = 1). FV2p3/2

and FO1s is 1.3 and 0.66, respectively.
Through the calculation using the equations, the stoichiometry
is VO1.965, VO1.943 and VO1.955 for the VO2 films with thicknesses
of 27, 40 and 63 nm, respectively. The V4+ and V5+ valences were
evaluated and found to have fraction percentages of 61.8% and
38.2%, 63% and 37%, 60.3% and 39.7%, respectively. It is found
that the stoichiometry and the percentages of V4+ and V5+ agree
with each other for the three films, which indicates that the
compositional homogeneity is almost the same.

3.4 Optical properties and electronic structures

3.4.1 NIR-UV transmittance spectra. Fig. 4(a)–(c) show the
temperature-dependent transmittance changes of the VO2 films
with different thicknesses. The variation of the transmittance
(DTr) at selected incident photon energies (hn = 0.468 eV,
l = 2650 nm) during the heating process is 0.32, 0.44 and
0.54. The variation of the transmittance increases gradually with
the film thickness, which is in good agreement with the resistivity
variation in Fig. 2(b). In order to visualize the transmittance
change, the hysteresis loops of transmittance at a wavelength of
2650 nm are shown in Fig. 4(e). The differential curves of the
transmittance hysteresis loops are shown in Fig. 4(h), from which
the TMIT is about 338 K, 339 K and 341 K and the full width at half

Table 1 The parameters of the electrical and optical properties extracted
from the related differential curves fitted using a Gaussian function

Samp. (nm) Tc (K) F (K) DTc (K) DA DTr Rr RTr

27 343.4 5.08 21.1 133 0.32 0.0187 0.49
40 343.4 4.46 17.3 175 0.44 0.0892 0.36
63 345.2 3.94 11.4 875 0.54 0.0026 0.18

Fig. 3 (a) Overall core level XPS spectrum for the VO2 film with a thickness
of 40 nm. (b–g) XPS spectra of V 2p lines and O 1s lines with the Lorentzian–
Gaussian dividing peak analysis for the VO2 films with thicknesses of 27, 40
and 63 nm.
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maximum decreases with the film thickness. It should be noted
that the transmittance in the metal state (RTr) is 0.49, 0.36 and
0.18 for the VO2 films with thicknesses of 27, 40 and 63 nm,
which indicates that the degree of metallization increases with
the film thickness. However, it was found that the degree of
metallization reflected by the transmittance at the metal state is
not consistent with that for the electrical behavior. For comparing
the variation trend of the resistivity and transmittance at the metal
state, the relevant parameters are listed in Table 1.

3.4.2 NIR-UV reflectance spectra and spectral slope at infrared
absorption region. The room temperature transmittances shown in
Fig. 4(d) are collected together to compare the slopes of the spectra.
The transmittance spectra were divided into three ranges, the
ultraviolet-visible (190–760 nm, 6.52–1.63 eV) region (defined by I),
the near-infrared absorption (760–2000 nm, 1.63–0.62 eV) region
(defined by II) and the infrared (2000–2650 nm, 0.62–0.46 eV) region
(defined by III). It can be seen that the main difference in the
spectra in Section III is the variation of the transmittance. The
shape and variation trends of the spectra have little discrepancy.
In Section 1, the change of the transmittance is inconspicuous.
In Section II, the divergence of the transmittance and variation
trends of the spectra is obvious, especially the conditions for the

thickest VO2 film (63 nm). It can be found that the slope of the
spectra in Section II increases with the film thickness. The
transmittance spectra in region II are equivalent to a straight
line. The fitting results are shown in Fig. 4(g). The slope of the
spectra is 0.0122, 0.0180 and 0.0257 for the VO2 films with
thicknesses of 27, 40 and 63 nm, respectively. Based on the
XRD data, transport behavior and the transmittance hysteresis
loops, it can be concluded that the spectral slopes in the near-
infrared absorption region have positive correlations with the
phase transition magnitude of the resistivity and transmittance
for the VO2 films with different thicknesses. In addition, a similar
phenomenon can also be observed using the room temperature
reflectance for the three films, which is shown in Fig. 4(f).
Furthermore, from the transmittance done by Li et al.,27 the
spectral slope also has a positive correlation with the variation
of the transmittance for the films with different thicknesses.

Fig. 4(i) presents the relationship between the spectral slope
and DA and DTr. It can be found that DA and DTr increase with
the slope, which indicates that the spectral slope has a positive
correlation with the variation of the transmittance and resistivity
for the VO2 films with different thicknesses. Therefore, it can be
concluded that the variation trend of the electrical and optical

Fig. 4 (a–c) The transmittance spectra for the VO2 films with different thicknesses. (d) The room temperature transmittance for the films with different
thicknesses. (e) and (h) show the hysteresis loops for the temperature dependence of transmittance at a wavelength of 2650 nm and the differential
curves, respectively. (f) The reflectance spectra for the VO2 films with different thicknesses. (g) The fitting curves of the transmittance in the infrared
region. (i) The relationship between the spectral slope and the variation of transmittance and resistivity.
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properties can be judged conveniently from the spectral slope.
It is well known that the band gap of VO2 films is about 0.6 eV
and the transition energy from the lower V 3d filled a1g band
to the empty epg band belongs to the energy range of about
0.62–1.82 eV in the insulator state.28–31 In the metal state, the
a1g band overlaps the epg and the band gap is reduced to zero.
That is to say, the variation of the electronic structure is mainly
reflected by the change in the two bands. It is worth noting that
the energy range of region II is 1.63–0.62 eV, which is larger
than the band gap while belonging to the energy range of the
transition between the two bands. Therefore, the degree of the
phase transition can be reflected using the divergence of
the transmittance in region II in the insulator state.

3.4.3 Theoretical calculation of the transmittance. It was
found that the degree of metallization reflected by the electrical
behavior in the metal state is not consistent with that of the
transmittance. In order to investigate the abnormal phenomenon,
the transmittance was fitted to obtain the energy transition, AD and
BD, which is closely related to the carrier concentration. The Drude–
Lorentz (DL) oscillator dispersion relation is used to simulate the
transmittance spectra, as the following

eðEÞ ¼ e1 �
AD

E2 þ iEBD
þ
X3
k¼1

Ak

Ek
2 � E2 � iEBk

: (4)

where eN is the high-frequency dielectric constant. Ak, Ek, Bk

and E is the amplitude, center energy, broadening of the jth
oscillator and the incident photon energy, respectively. The
parameter AD is the square of the plasma frequency and BD is
the electron collision or damping frequency. The fitting para-
meters are listed in Table 2.

It was mentioned above that the parameter AD is the square
of the plasma frequency, which is closely related to the carrier
concentration n (AD = ne2/e0eNm*). Where the e0 is the permittivity
of free space, m* is the conductivity effective mass. It can be taken
that the AD is proportional to the carrier concentration on the
condition of unity electron average effective mass.31–33 It is worth
noting that the BD is nearly the same for the three VO2 films,
which indicates that the carrier mobility (m = e/2pm*cBD) is almost
identical in the metal state. The value of AD is 7.18, 6.87 and 7.85
and BD is 0.10, 0.12 and 0.13 for the three films, respectively.

Based on the values of AD and BD, it can be concluded that the
overall variation of the carrier concentration increases with the
film thickness. However, the value of AD for the 27 nm film is
larger than that of the 40 nm film, which indicates that the
carrier concentration for the 27 nm film is larger than that of
the 40 nm film. Therefore, the abnormal resistivity in the metal
state can be ascribed to the variation of the carrier concen-
tration. This also demonstrates that the internal mechanism
reflected by the electrical and optical results in the metal state
is consistent.

3.4.4 The dielectric function and comparison of the neff. In
order to increase the reliability and make a contrast, we probed
the phenomenon through the neff. The f-sum rule and spectral
weight was used to calculate the parameter neff, the equation
can be written as the following:31,34

neff ocð Þ ¼
2m0V

pe2

ðoc

0

srðoÞdo: (5)

Wherein sr = e0oei and the equation can be defined in the
following form:

neff ocð Þ ¼
2e0m0oV

pe2

ðoc

0

eiðoÞdo: (6)

Where, sr and ei is the real part of the optical conductivity and
the imaginary part of the dielectric constant as a function of
photon energy �ho, respectively. The imaginary part of the
dielectric constant is shown in Fig. 5. It is believed that 95%
of the spectral weight can be recovered using 4 eV, which
indicates that the f-sum rule is still not fully satisfied at such
high energies.34 That is to say, the f-sum rule is appropriate for
the range with lower energies. It is interesting to find that the
dielectric function is sequential between the energy range of
(0.47–2.37 eV) while it is chaotic beyond 2.37 eV. The energy
range of 0.47–2.37 eV is within the transition energy of the filled
lower a1g band to the empty epg band or the empty upper a1g

band during the MIT process. We believe that the regular result is
not a coincidence and rather a manifestation of the overlapping of
the a1g band with the epg band. A similar phenomenon can also be
observed from the spectral slope at the near-infrared absorption
region. If the neff increases with the film thickness, the dielectric
function will be presented at a regularity in a certain energy range.

Table 2 Parameters of the Drude–Lorentz (DL) model for the VO2 films extracted from the best fitting transmittance spectra at several temperatures.
The 90% confidence limits are given in parentheses

Samp.
27 nm 40 nm 63 nm

T (K) 298 363 298 363 298 363

A1 1.54 (0.01) 5.82 (0.22) 1.37 (0.01) 4.96 (0.15) 1.26 (0.03) 6.22 (0.12)
B1 (eV) 1.55 (0.02) 0.93 (0.01) 1.30 (0.01) 0.90 (0.01) 0.972 (0.02) 0.91 (0.01)
E1 (eV) 1.23 (0.01) 0.67 (0.02) 1.25 (0.01) 0.65 (0.01) 1.22 (0.01) 0.67 (0.01)
A2 3.32 (0.01) 2.57 (0.04) 2.97 (0.05) 2.38 (0.06) 5.28 (0.04) 3.36 (0.06)
B2 (eV) 2.17 (0.02) 1.81 (0.06) 1.91 (0.04) 1.52 (0.04) 2.09 (0.02) 1.39 (0.03)
E2 (eV) 3.61 (0.01) 3.34 (0.01) 3.37 (0.01) 3.14 (0.01) 3.14 (0.01) 2.90 (0.01)
A3 2.38 (0.041) 2.61 (0.13) 1.42 (0.04) 1.42 (0.02) 2.33 (0.06) 1.68 (0.03)
B3 (eV) 1.74 (0.07) 3.35 (0.27) 4.82 (0.50) 4.43 (0.37) 4.82 (0.38) 3.93 (0.30)
E3 (eV) 6.06 (0.02) 6.41 (0.13) 6.33 (0.12) 5.74 (0.07) 6.45 (0.13) 5.30 (0.05)
AD — 7.18 (0.19) — 6.87 (0.05) — 7.85 (0.41)
BD (eV) — 0.10 (0.02) — 0.12 (0.01) — 0.13 (0.03)
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Therefore, the dielectric function was divided into two segments,
with energy ranges of 0.47–2.37 eV and 2.37–6.53 eV.

Because the f-sum rule is not satisfied at higher energy and
the neff is closely related to the variation of the a1g and epg bands,
the dielectric function with the energy range at 0.47–2.37 eV was
used to compare the neff for the three films. The inset presents
the dielectric function in the infrared range. We assume that
f1(oc), f2(oc) and f3(oc) represent the dielectric function at a
certain energy for the VO2 films with thicknesses of 27, 40 and
63 nm, respectively. Obviously, the relationship of the dielectric
function is f3(oc) 4 f1(oc) 4 f2(oc) at the energy range of
0.47–2.37 eV. Based on eqn (6), the relationship of the neff is
neff3 4 neff1 4 neff2 at the certain energy range, where the volume
V can be taken as 1/2 in the metal state.33 Through the internal
mechanism obtained using transmittance spectra, it can be
concluded that the peculiar resistivity in the metal state can be
attributed to the variation of the carrier concentration. Generally,
the carrier concentration will be increased with the film thick-
ness. Thus, it is confusing that the carrier concentration of the
film with a thickness of 27 nm is larger than that for the film
with a thickness of 40 nm. It was believed that the occurrence of
the Hubbard band may be a sign of the increased overlapping of
the a1g band to the epg band.34

3.5 Electronic transition and band structure

From the fitting results, three center energies can be assigned
to the following electronic transitions:36 (1) lower V3d filled a1g

band to the empty epg band (E1); (2) the filled O2p band to the
empty epg band (E2); (3) lower V3d filled a1g to the empty esg band
(E3). In this study, E1 and E2 represent the conventional thermal
hysteresis as a function of temperature, which is shown in
Fig. 6(a) and (b). However, an abnormal hysteresis was found
for the thinnest film with a thickness of 27 nm. The hysteresis
loop of the electronic transition of E3 is shown in Fig. 6(c)–(e).
Surprisingly, it can be found that E3 exhibits a counterclockwise

hysteresis loop for the thinnest film while E3 shows a clockwise
hysteresis loop for the other two films. A similar phenomenon
was previously found in the magnetization and resistivity of
La1�xSrxMnO3.35 They believed that the abnormal thermal
hysteresis can be attributed to the competing interaction of
different metal phases. According to the conventional band
theory, the lower and upper Hubbard bands (LHB and UHB,
respectively) were not considered. Correlation effects in the
rutile phase could lead to a degree of splitting of the a1g into
lower and upper Hubbard bands.37 It was believed that the
Hubbard bands played a key role in the prominence of the
pseudogap-type transition from the filled a1g band to the empty
epg band.34 In addition, the lower Hubbard band has been seen
previously in photoemission experiments on bulk VO2.38

E3 is the transition of filled a1g to the empty esg band in the
insulator and metal states. It is well known that the a1g band
will be shifted up during the MIT process and overlap with the
epg band, which indicates that the energy of E3 decreases
with the temperature. However, the E3 variation is contrary to
the conventional perspective. Taking the Hubbard band into
consideration, the counterclockwise hysteresis loop can be
ascribed to the Hubbard bands splitting from the a1g band.
The schematic energy levels in the insulator and metal states
for the VO2 film with a thickness of 27 nm are shown in Fig. 7(a)
and (b). Assuming the splitting of the a1g band continuously
during the MIT process, the lower Hubbard band will shift
down and keep steady state in the metal state. This will lead to
the transition energy of E3 being blue-shifted during the MIT
process. Therefore, the counterclockwise hysteresis behavior
can be observed. Taking into account the thickness of the film,
we believe the correlation effects are more easily influenced by
the interfacial effect for the thinnest film. Furthermore, the

Fig. 5 The dielectric function of the VO2 film with different thickness at
metal state. The inset shows the dielectric function at infrared wavelength
range.

Fig. 6 (a) and (b) The electronic transition of E1 and E2 for the VO2 films
with different thicknesses, respectively. (c–e) The hysteresis loop of the
electronic transition of E3 for the VO2 films.
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occurrence of the Hubbard bands may symbolize the increased
overlapping of the a1g band to the epg band, which may be the
origin of the abnormal resistivity at the metal state. Therefore,
the counterclockwise hysteresis loop of E3 can be observed for
the VO2 film with a thickness of 27 nm.

4 Conclusions

In summary, it was found that the spectral slopes in the near-
infrared absorption region have a positive correlation with the
phase transition magnitudes of the resistivity and transmittance
for VO2 films with different thicknesses. This finding is of
benefit for discerning and forecasting the optical and electrical
properties of films from the macroscopic level. In addition,
abnormal resistivity in the metal state was observed. The para-
meters of the Drude model and the f-sum rule were applied to
account for the phenomenon, which can be attributed to the
variation of the carrier concentration. Remarkably, the E3 energy
exhibits a counterclockwise hysteresis loop with temperature for
the VO2 film with a thickness of 27 nm, which can be ascribed to
the occurrence of the Hubbard bands. It is believed that the
lower Hubbard band may lead to the transition of E3 being blue
shifted and symbolize the increased overlapping of the a1g band
with the epg band.
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