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Kinetically-decoupled electrical and structural phase transitions in VO2
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Vanadium dioxide (VO2) has drawn significant attention for its near room temperature insulator-to-metal
transition and associated structural phase transition. The underlying Physics behind the temperature induced
insulator-to-metal and concomitant structural phase transition in VO2 is yet to be fully understood. We have
investigated the kinetics of the phase transitions of VO2 with the help of resistivity measurements and Raman
spectroscopy. Resistance thermal hysteresis scaling and relaxation measurements across the temperature induced
insulator-to-metal transition reveal an unusual behavior of this first-order phase transition, whereas relaxation
phenomena investigated by Raman spectroscopy show that the temperature induced monoclinic to rutile phase
transition in VO2 follows usual behavior and is consistent with mean field prediction. Insulator-to-metal and
structural phase transitions have been found to decouple with an increased temperature sweep rate. The observed
unusual thermal hysteresis scaling behavior with temperature sweep rate during insulator-to-metal transition may
be the consequences of independent diffusion of charge and heat due to unconventional quasiparticle dynamics
in VO2. Unconventional quasi particle dynamics, i.e., significantly lowered electronic thermal conductivity
across insulator-to-metal transition in our sample is verified by ultrafast optical pump-probe time domain
thermoreflectance measurements.
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I. INTRODUCTION

VO2 undergoes a first-order insulator-metal transition
(IMT) at a critical temperature (Tc ≈ 340 K) at ambient
pressure and is accompanied by structural change from the
monoclinic insulating phase (M1: P21/c) into the rutile metal-
lic phase (R: P42/mnm) [1–4]. Nature of this phase transition
has been discussed controversially in literature, whether it is
lattice distortion driven Peierls transition or electron correla-
tion driven Mott transition [5]. The near room temperature
insulator-to-metal transition of VO2 is extremely interesting
for various important applications such as in Mott memory,
Mott FET, neuromorphic devices, and more [6–8]. Therefore,
better insights about the first-order phase transition behavior
of VO2 is pivotal from both fundamental physics and appli-
cation points. This has motivated researchers to investigate
the coupling/decoupling of above transitions through external
stimuli such as light [2,9], strain [10–12], and charge injec-
tion [13,14].

The first-order phase transition (FOPT) is not an instan-
taneous phenomenon but it is a dynamic process, and the
nucleation and growth have their own kinetics [15]. FOPT
commonly occurs under heating or cooling cycles, exhibits
hysteresis across the transition, and is accompanied by sharp
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discontinuities in physical properties such as resistance. In
FOPT, conversion from phase-1 (parent phase) to phase-2
(daughter phase) will proceed over a finite time even af-
ter the control parameter (T, in the case of temperature
induced FOPT) has reached its value (Tc, defined by aver-
age of the transition temperature of the heating and cooling
cycles), which leads to a phase coexistence [15]. The phe-
nomenon of phase coexistence is broadly observed across a
large number of condensed matter systems, such as high-Tc

superconducting cuprates [16,17], colossal magneto resistive
manganites [18–20], and in Vanadium oxides [3,21–24].

During FOPT, nuclei formation of the daughter phase
within the parent phase is known as the nucleation phe-
nomenon, and subsequent diffusion is the mechanism that
guides and determines the phase transformation kinetics and
is governed by mean field predictions. Earlier reports suggest
that thermal scaling of hysteresis and relaxation measure-
ments are key experiments to test the mean field predictions
during FOPT [25–28]. As per mean field prediction, critical-
like slowing down of phase transformation would be observed
around the transition if the system approaches a genuine bi-
furcation point. A systematic delay is observed in the onset
temperature which is dependent on the temperature sweeping
rate (TSR) [25,29–31]. Such systematic delay in the onset of
phase switching is predicted and observed in various physical
systems in a definite scaling form [29,30]. Rising area of the
hysteresis loop with increasing driving force sweeping rate
has been theoretically predicted as well as experimentally
observed in V2O3 [25,32,33].
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Here, we have experimentally studied the kinetics of ther-
mally induced FOPT in VO2. Minor hysteresis loop (MHL)
in resistivity measurement confirmed the presence of phase-
coexistence during phase transition in VO2. The thermal
hysteresis in resistivity measurements have been found to
shrink with increasing TSR which is in contrast to the con-
ventional FOPT.

Observed unusual thermal hysteresis scaling behavior with
TSR during insulator-to-metal transition may be the conse-
quences of independent diffusion of charge and heat due
to unconventional quasiparticle dynamics in VO2. To sub-
stantiate the claim of unconventional quasiparticle dynamics
we have also performed the temperature dependent ther-
mal conductivity measurements which clearly indicates the
significantly lower electronic thermal conductivity across
insulator-metal transition in the studied VO2 thin film.

II. EXPERIMENTS

The VO2 thin film used in this study is grown on r-cut
Al2O3 substrate using pulsed laser deposition technique. A
KrF excimer laser, λ= 248 nm, repetition rate of 5 Hz and
pulse energy of 370 mJ, was focused onto the V2O5 target with
a fluence of ∼1.1 J/cm2. During deposition, ultrasonically
cleaned r-cut Al2O3 substrate was maintained at a tempera-
ture of ∼700 ◦C and oxygen partial pressure was maintained
at ∼10 mTorr. Prior to the gas introduction, chamber was
pumped down to base pressure of 1 × 10−6 Torr. Bruker
D8 x-ray diffractometer with Cu Kα radiation was used for
x-ray diffraction (XRD) measurement. Electrical transport
measurement has been performed in linear four point probe
configuration using Keithley 2401 source meter and Keithley
2182A nanovoltmeter. Temperature was controlled using the
Cryocon 22C temperature controller. Raman spectroscopy is
carried out in back scattering geometry using the 8 mW Ar
(473 nm) laser as an excitation source coupled with a Labram-
HR800 micro-Raman spectrometer. X-ray absorption spectra
(XAS) across V L2,3 edge and O-K edge has been measured in
total electron yield mode at SXAS beamline BL-01 of Indus-2
at RRCAT, Indore, India. Room temperature XRD Fig. S1(a)
and Raman spectra Fig. S1(b) confirmed the monoclinic M1
phase in the VO2 thin film [5,34]. Phase purity and spatial ho-
mogeneity has been confirmed by XAS and Raman mapping
over an area of 30 x 30 µm2, see Supplemental Material [35]
(see also references [36–47] therein). Several orders of mag-
nitude change in resistivity across the IMT reflects the high
crystalline quality of the VO2 thin film, Fig. S1(c). In order to
completely characterize the IMT, transition temperature (Tc)
and hysteresis width (�H) is calculated from the Gaussian
fitting of the differential curve of lnR vs T plot. �H defined
as the difference in the transition temperature for heating and
cooling and Tc is defined by the average of the transition
temperatures of the heating and cooling cycle.

III. RESULTS

First, we have evaluated the first-order characters of the
phase transition in the pulsed laser deposition grown VO2

thin film. Resistivity measurement showed several orders
of change in resistance magnitude and hysteresis across

FIG. 1. Thermal hysteresis scaling. (a) Temperature sweeping
rate dependent resistivity measurements of VO2, arrows indicate
heating and cooling cycles. Insets show enlarged views of heating
and cooling cycle data across Tc. (b) and (c) show fittings of shifts
in transition temperatures (�T =| Tc − To |) with varying TSR in
heating and cooling cycles, respectively. Hysteresis width (�H ) and
transition temperature (Tc) variations as a function of TSR are pre-
sented in (d) and (e), respectively, (see text for detail).

transition which confirmed FOPT character [see Fig. S1(c)].
On a well characterized thin film we have performed the
temperature sweeping rate dependent measurements to test
the mean field predictions. Resistivity relaxation measure-
ment in the phase coexistence region has been used to track
the time evolution of grown metallic phase and the Raman
spectroscopy relaxation measurement is used to track the time
evolution of the rutile structure. The combined results of the
above discussed experimental protocols have been utilized to
understand the enigma of observed anomalous FOPT.

(i) Thermal hysteresis scaling. The dynamic hysteresis loop
in Fig. 1(a) shows the temperature dependent resistivity of the
VO2 thin film in the heating and cooling cycles for different
TSR, ranging between 0.5 K/min and 8 K/min. Zoomed view
of hysteresis loops in heating and cooling cycles are shown in
insets. The shape of hysteresis loops is sensitive to the phase
transformation rate [48]. We observed a systematic shrinking
of the hysteresis width with increasing TSR, which is unusual
for FOPT. A standard way to depict the dynamic shift is to
plot the rate dependence of dynamical renormalization shift
�T (R). We have plotted the variation of the dynamical renor-
malization shift of the transition temperature with TSR for
heating [Fig. 1(b)] and cooling [Fig. 1(c)] cycles. Dynami-
cal renormalization shift �T is defined by �T =| Thc − To |,
where Thc is the transition temperature of the corresponding
resistivity curves for heating and cooling cycles performed at a
particular TSR and To is the transition temperature of the qua-
sistatic resistivity curve for heating and cooling cycles. The
slowest rate here, i.e., 0.5 K/min, has been considered as a
quasistatic case for calculations and obtained To are 333.38 K
and 329.13 K for heating and cooling cycles, respectively. The
change in the area of the hysteresis loop (or equivalently, the
shift in the transition point) can be scaled with a sweeping rate
(rate of change of temperature T as a power law) [33,49,50].
The �T vs TSR data has been successfully fitted by the
expression �T ∼ (T SR)γ and the values of gamma for the
heating and cooling cycles have been obtained by fitting as
0.83 ± 0.07 and 1.31 ± 0.10 [see Figs. 1(b) and 1(c)].
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FIG. 2. (a) Resistance relaxation measurements performed at
332 K (Tm) for different TSR. (b) shows the strengthening of nor-
malized Raman intensities (NI) and (c) deceasing resistance values
with increasing TSR at Tm, i.e., decreased insulating character but
increased monoclinic phase fraction with TSR.

Variations of the hysteresis width (�H) and transition tem-
peratures (in heating and cooling cycles) with varying TSR
are shown in Figs. 1(d) and 1(e), respectively. Although these
results show the strong TSR dependence of the IMT, the trend
is opposite to the usual FOPT character [25,28].

(ii) Resistivity relaxation measurements. To monitor the
time evolution of the metallic phase we have collected the
resistance data at constant temperature Tm ∼332 K [marked
by the dashed line in the inset of Fig. S1(c)] for around
∼10 000 seconds for each TSR. For the relaxation measure-
ment, one needs a temperature in the phase coexistence region
where nucleation of the metallic phase has started. Therefore,
Tm is chosen in the middle of the phase transition [26,51].
The protocol we have used for the relaxation measurement
is as follows. Each measurement starts from the same initial
temperature in insulating phase (i.e., 280 K) but with different
TSRs (0.5–8 K/min). For each TSR, as soon as Tm (measure-
ment temperature) is approached, the resistance is measured
for ∼10 000 seconds. After, each time dependent resistance
measurement sample is cooled again to the initial temperature.
It is clearly observed that the trend of the relaxation data is not
as that predicted by usual FOPT [Fig. 2(a)]. For each TSR,
resistance value has been observed to be almost constant all
through the time evolution which is unusual. According to the
usual FOPT behavior, if one stops the transition driving force
in the transition region (which is temperature here) and leaves
it for time evolution, then the system always has (whatever be
the TSR) a tendency to go to the daughter phase [26].

(iii) Raman relaxation measurements. Raman spectroscopy
is highly sensitive to the changes in vibrational modes and
hence, is a powerful tool for the investigations of structural
and chemical transformations in organic and inorganic mate-
rials induced by temperature, pressure, doping etc., [52–56].
Subtle changes in the V-V dimers of VO2 leads to tempera-
ture induced monoclinic to rutile phase transformation. This
phase transition has been extensively studied by Raman spec-
troscopy [5,34,57–59]. According to group theory, the M1
phase of VO2 has 18 Raman active modes (9Ag and 9Bg),
out of which 12 modes at ∼138, 193, 223, 261, 308, 338,
387, 439, 442, 498, 583, and 613 cm−1 [34] are observed in

FIG. 3. (a) Temperature dependent Raman spectra where dis-
appearance of Raman modes with increasing temperature confirms
transition from monoclinic phase to rutile phase. (b) Plot of insulator-
metal transition from temperature dependent resistivity data and
temperature induced monoclinic to rutile structural phase transition
from Raman data, both measured at 2 K/min. Dashed vertical line
denotes the Tc (c) Raman spectra collected immediately at Tm after
reaching to this temperature with slowest (0.5 K/min) and fastest
(8 K/min) TSR. (d) Normalized intensity vs time, where data points
(1) represent the Raman intensity at t = 0 (measured immediately
after reaching at 332 K) and data point (2) represent the Raman
intensity after t = 9000 seconds for different TSR.

the VO2 thin film, and Raman mode at ∼417 cm−1 belongs
to the Al2O3 substrate [see Fig. 3(a)] [40]. The three modes
labeled as ων1 (∼193 cm−1) and ων2 (∼223 cm−1), which
belong to the the V-V vibrations [37], and ωo (∼615 cm−1)
which represents V-O-V vibration [see Fig. S1(b)] has been
treated as key modes in phase transition region studies of
VO2 [5,40]. Disappearance of Raman modes with increas-
ing temperature signifies the monoclinic to rutile structural
phase transition (SPT) [see Fig. 3(a)]. Details related to the
investigations of structural transition from the monoclinic
to rutile using Raman data, such as mode assignment, shift
in the peak position, and FWHM of the modes with varying
temperature etc., has been provided in the Supplemental Ma-
terial [35] (see also Refs. [36,37,60,61] therein). At a slower
temperature sweeping rate, temperature induced IMT and SPT
are found to occur simultaneously, which is seen in the plot of
temperature dependent resistivity and the normalized intensity
of the Raman mode (ων1) of the VO2 thin film, both measured
in the heating cycle for 2 K/min TSR [see Fig. 3(b)]. To
monitor the time evolution of the rutile metallic phase, Raman
spectroscopy relaxation measurement is performed using the
similar protocol as used for the resistivity relaxation measure-
ments, shown in Fig. 3(d). For each TSR a Raman spectrum
is measured immediately when Tm (332 K) is approached
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FIG. 4. (a) shows the processes of nucleation traversed through
the barrier and barrier-free paths during FOPT. (b) Temperature
dependent thermal conductivity data of VO2 thin film. (c) shows that
transition temperature is similar for TSR = TSR∗, where TSR∗ is
the optimum temperature sweep rate until when IMT and SPT are
coupled. (d) is the case for TSR > TSR∗, i.e., when IMT leads by
SPT because SPT is a highly time dependent process. Tc represents
the transition temperatures, while IMT and SPT curves [in (c) and
(d)] are representing data of heating cycles only.

[Fig. 3(c)]. Immediately measured Raman spectra are shown
in Fig. 3(c) for the lowest TSR (0.5 K/min) and for highest
TSR (8 K/min). It is clearly seen that Raman modes are
stronger for 8 K/min TSR compared to that of 0.5 K/min
(intensities are normalized by Al2O3 mode), which indicates
larger monoclinic phase fraction for 8 K/min. This result is
in contrast to the resistivity data where resistance is found
consistently decreasing with increasing TSR. To compare the
relaxation data of Raman spectroscopy with the resistivity
relaxation data, we have fitted the most intense Raman mode
(ων1 ∼ 193cm−1) with a Lorentz function and plotted the area
as a function of time for different TSR [Fig. 3(d)]. Signif-
icantly decreased intensity of the Raman mode at Tm with
time indicates the growth of the rutile phase for each TSR
[see Fig. 3(d)], which is expected and signifies usual FOPT
behavior. Figure 2(b) shows the normalized Raman intensity
and Fig. 2(c) shows the trend of resistance at Tm (at t = 0 sec-
ond) with varying TSR which clearly indicate the decoupling
character of IMT and SPT with TSR.

(iv) Thermal conductivity measurement. Our principal ex-
perimental protocol is based on temperature sweeping rate,
therefore, the thermal conductivity of the material is of
paramount importance in governing the kinetics of phase
transition. Thermal conductivity measurements have been
performed across phase transition temperature regions in
the VO2 thin film. Thermal conductivity (�) has been
found to be almost constant at ∼4 Wm−1K−1 in the mea-
sured temperature region across insulator-to-metal transition
[see Fig. 4(b)]. Details of thermal conductivity measure-

ments using the time-domain thermo-reflectance method is
provided in the Supplemental Material [35] (see also refer-
ences [62–65] therein). Our results are consistent with the
earlier report [66]. On the phase transition into the metallic
phase an increase in the thermal conductivity is expected.
However, no such rising thermal conductivity behavior
with onset of metallicity is observed. Lee et al., who also
measured the thermal conductivity in VO2 across insulator-to-
metal transition, have confirmed that low electronic thermal
conductivity in metallic phase is a signature of the unconven-
tional quasiparticle dynamics, where heat and charge diffuse
independently [66].

IV. DISCUSSIONS

Nucleation and growth mechanism during phase transfor-
mations in solids has been a subject of great interest [67]
but it is quite difficult to get a physical parameter from bulk
measurements which can be directly related to the phase evo-
lution. Generally, hysteresis accompanied with the transition
is considered as an appropriate tool to determine the first-order
nature of the transition [68]. Therefore, hysteresis observed
in our resistivity measurements is utilized to characterize
the first-order phase transition. Moreover, phase coexistence
which is a typical signature of FOPT is also observed in
resistivity, as seen in the MHL measurements of the VO2 thin
film [see Fig. S1(d)] [69].

The explicit character of FOPT is that with increasing
TSR hysteresis should broaden [25]. We have observed the
shrinking of hysteresis with increasing TSR [Fig. 1(a)]. This
is in stark contrast to FOPT character and possible only when
by some means the number of nucleation centers get en-
hanced by rising TSR [70]. However, the situation for the
SPT probed by Raman spectroscopy is found consistent with
FOPT behavior. We have observed the less intense Raman
modes for low TSR (0.5 K/min) compared to that of high
TSR (8 K/min), at the same temperature (Tm) [Fig. 3(c)]. The
observed influence of TSR on Raman data clearly hints toward
broadening of the SPT hysteresis with increasing TSR which
is usual. In order to clearly visualize the effect of TSR on IMT
and SPT, immediately obtained values of normalized Raman
intensity [Fig. 2(b)] and resistance [Fig. 2(c)] (at Tm = 332 K)
are plotted as a function of TSR. These two data, Raman
and resistivity, clearly show opposite trends. At 332 K, by
increasing TSR, resistance value decreases while normalized
Raman intensity increases which signifies the less insulating
but more monoclinic phase fraction with TSR. The delay in
SPT is obvious as it is not an instantaneous process and would
require time. Our observations clearly show the decoupling
of the IMT and the SPT in VO2 with TSR. Decoupling of
IMT and SPT in VO2 has been observed earlier also by charge
injection method [13].

The nonequilibrium phase fraction is related to the “degree
of metastability” and for a FOPT this dictates the kinetics of
the growth of the daughter phase [27]. So, the time taken for
the relaxation of the nonequilibrium phase into the daugh-
ter phase depends on growth of the respective nuclei and
available interface [27]. Surprisingly, we have observed that
resistance is almost constant all through time evolution, which
is not usual, and hints toward a barrier free nucleation type
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behavior in VO2. Present observations clearly show that the
nuclei which are grown during temperature sweeping does
not further grow (during time relaxation) when heat flux has
stopped. Moreover, at constant temperature [at 332 K, see
Fig. 2(a)] decreasing values of resistance with increasing TSR
clearly indicates that with increasing TSR nucleation centers
have also increased. These observations of time independent
behavior of resistance and enhancement of nucleation centers
with increasing TSR is the consequence of barrier free nu-
cleation. In a barrier free nucleation, as soon as the barrier
to nucleation diminishes, the nucleation process will enhance
and resultant hysteresis will shrink, as observed here. Huff-
man et al. also reported the IMT through a barrier free path
in VO2 thin film [71]. Barrier free nucleation is a kind of
heterogeneous nucleation and in such a case the free energy of
forming the critical nucleus can be altered significantly [71];
however, in usual FOPT, homogeneous nucleation occurs only
by passing through the free energy barrier (�G) [see Fig. 4(a)]
[71–73].

On the contrary, from Raman spectroscopy relaxation mea-
surements it is clear that normalized intensity of Raman
modes are decreasing with time [Fig. 3(d)] at each TSR. These
results are consistent with the mean field prediction, i.e., the
monoclinic phase is going to disappear with time at Tm, as
rutile phase must evolve. The observed difference in behavior
of IMT and SPT could be resultant of independent diffusion
of the heat and charge in the VO2, which is supported by the
temperature independence of thermal conductivity behavior in
VO2 [see Fig. 4(b)].

After all this deliberation we come to the conclusion that
at smaller TSR, IMT is accompanied with SPT but beyond
a critical TSR decoupling has been observed. TSR depen-
dent decoupling of IMT and SPT has been summarized in
Figs. 4(c) and 4(d) and is understood as follows. In VO2, due
to unconventional quasiparticle dynamics, charge and heat
flows independently in the phase transition regime, so flow
of charge, which is responsible for metallic character, will
be independent from the structural transition driven by heat
flow. Therefore, by increasing the TSR, VO2 becomes metallic
relatively early but does not transform into the rutile phase
because structural phase transition is highly time dependent
and cannot be accelerated by raising the TSR.

Further, in order to discard the contribution of strain (which
is inevitable in thin film form), and to check the reliability
of our results, we have also performed the TSR dependent
resistivity measurements on the polycrystalline VO2 pellet
and we have observed the similar results, i.e., shrinking of
hysteresis with TSR (see Fig. S5) [35]. For further consistency
we have also performed similar experiments on polycrys-
talline V2O3 and found broadening of hysteresis with TSR
(Fig. S6 [35])which is in accordance to mean field prediction
and similar to earlier reported data [25].

V. CONCLUSIONS

Finally, it is observed that with temperature sweeping
rate, insulator-to-metal transition in VO2 exhibits the unusual
FOPT character, while structural phase transition (from mon-
oclinic to rutile) with TSR follows usual FOPT behavior.
Our results clearly show the decoupling of insulator-to-metal
transition and structural phase transition beyond a critical
temperature sweeping rate. Our TSR dependent and relaxation
measurement of resistivity in the phase coexistence region
confirms that insulator-to-metal transition in VO2 is following
the barrier free path. The unconventional quasiparticle dy-
namics behavior (confirmed through temperature dependent
thermal conductivity measurement) in the phase transition
regime is held responsible for independent diffusion of charge
and heat which facilitates the decoupling of IMT and SPT.
Ultimately, we come to the conclusion that unconventional
quasiparticle dynamics can transcend the phase transforma-
tion kinetics in VO2 and mean field predictions of FOPT
cannot truly predict the IMT behavior, especially at higher
temperature sweep rates.
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