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The interdependences of different phase transitions in Mott materials are fundamental to the understanding
of the mechanisms behind them. One of the most important relations is between the ubiquitous structural and
electronic transitions. Using IR spectroscopy, optical reflectivity, and x-ray diffraction, we show that the
metal-insulator transition is coupled to the structural phase transition in V2O3 films. This coupling persists
even in films with widely varying transition temperatures and strains. Our findings are in contrast to recent
experimental findings and theoretical predictions. Using V2O3 as a model system, we discuss the pitfalls in
measurements of the electronic and structural states of Mott materials in general, calling for a critical
examination of previous work in this field. Our findings also have important implications for the performance
of Mott materials in next-generation neuromorphic computing technology.
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Despite several decades of research, the mechanism
behind the metal-insulator transition (MIT) in Mott materi-
als is still controversial [1–3]. This is partially due to
concurrent changes in electronic, structural, magnetic, and
orbital degrees of freedom (d.o.f.) entailed in the transition
[4–6]. An example for this is the archetypical Mott material
V2O3, which undergoes a MIT accompanied by a corun-
dum-to-monoclinic structural phase transition (SPT) and
a paramagnetic to antiferromagnetic (AFM) transition. To
understand these transitions, it is imperative to determine
which d.o.f. constitute the main driving force, and whether
some transitions can be considered by-products of others.
Fluctuations of certain d.o.f. above the critical temperature
(TC) can provide clues to identify the driving force. For
instance, in the case of V2O3, AFM fluctuations have been
reported above TC [6,7]. More decisive evidence would be
that, during the transition, some d.o.f. order before others,
thereby revealing their interdependencies. It is thus of great
importance to determine whether some phase transitions
may decouple from others under certain circumstances. For
instance, the significance of decoupling between AFM and
charge ordering has been demonstrated in the perovskite
rare-earth nickelates [8–14]. In VO2, many studies have
been devoted to the possibility of decoupling the MIT
and SPT, with contradicting results [15–25]. Aside from
the great importance of this issue for understanding the
mechanisms behind the transition, decoupling between the
MIT and SPT may be very useful for Mott material-based
neuromorphic devices. By triggering the MIT without a
concurrent SPT, the power consumption, switching time,

and mechanical wear in such devices could be greatly
reduced [26–29].
In V2O3, the relation between the structural and elec-

tronic d.o.f. in the Mott transition has been investigated
recently, but a clear picture has not yet emerged.
Calculations for pressure effects suggest that the SPT
should precede the MIT for the paramagnetic-metal to
paramagnetic-insulator transition [30]. Other calculations
suggest that the corundum phase may be unstable to a
monoclinic distortion even without magnetic ordering [31].
Experimentally, it was found that at very high pressure
(∼33 GPa) V2O3 stays metallic despite undergoing a
monoclinic distortion [32]. In x-ray absorption fine struc-
ture measurements, indication has been found that the ∼2°
tilting of the c-axis vanadium pairs that occurs at the
corundum-to-monoclinic transition may not be abrupt [33].
Rather, it was suggested that it starts smoothly before the
full-fledged monoclinic distortion. More evidence for a
structural precursor to the MITwas suggested from surface
acoustic waves measurements [34] and Raman spectros-
copy [35]. However, in the three latter studies, the mea-
sured precursors were compared to the resistance, which is
a poor indicator for the state of the sample, as we elucidate
in the present Letter (see Supplemental Material [36]).
Most recently, a near-field infra-red imaging study, com-
bined with atomic force microscopy and x-ray diffraction
(XRD), analyzed the evolution of the nanoscale domain
structure of V2O3 thin films with temperature [47]. This
study found a surprising ∼6 K separation between the MIT
and SPT, suggesting that an intermediate monoclinic metal
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may be stable close to the transition temperature. However,
from pump-probe experiments a different picture emerges
where an expanded-corundum insulating metastable state is
photoinduced on a timescale of a few picoseconds [48].
Subsequently, metallic domains form at a rate that is limited
by the speed of sound, indicating that the metallic state can
form only along with the full structural transition [49,50].
These controversies have to be resolved in order to guide
judicious theoretical efforts.
In this Letter, we investigated whether the SPT in V2O3

can decouple in equilibrium from the MIT and if decoupling
can be influenced by strain. Most simply, strain couples to
the structural d.o.f. by adding an elastic energy term, which
may shift the free energy balance between the (low-T)
monoclinic and (high-T) corundum states. Moreover, by
changing the interatomic spacing, strain may also cause
overlap integrals to change, leading to variations in the
bandwidth and superexchange interaction, which may
strongly affect the AFM ordering and MIT. In general,
there is no reason for strain to affect the MIT and SPT in the
same way, unless they are intimately coupled. We used
temperature-dependent IR and optical reflectivity in combi-
nation with XRD to measure the electronic and structural
high-temperature phase fractions across the transition. This
enabled us to compare the evolution of the MIT and SPT
with temperature. We applied these methods to strained
films exhibiting large variations in transition temperatures.
Contrary to previous work [34,35,47], we find no signature
of decoupling between the structural and electronic tran-
sitions to our measurement resolution. Our findings provide
a significant constraint for any theory aiming to explain the
MIT in V2O3 and put forward important experimental
considerations regarding the interpretation of similar mea-
surements in V2O3, VO2, and other Mott materials.
We grew V2O3 thin films on Al2O3 substrates of

different orientations, namely, (100), (012), and (110) to
obtain samples with varying TC values. The films are 20–
300 nm thick and grow epitaxially following the underlying
Al2O3 substrate, as found in a previous study [51]. Using
XRD at room temperature, we found that each orientation
produces anisotropic strains of different magnitudes and
in different crystallographic directions (see Supplemental
Material for fabrication and structural analysis details
[36–45]). This leads to deviations from perfect corundum
symmetry even above the SPT temperature. The room-
temperature strains in some axes are comparable in
magnitude to those of the monoclinic distortion and in
some cases exceed them (see Table S1). The resulting
transition temperatures of the strained films span ∼30 K,
with lower and higher TC values compared to bulk V2O3

(see Fig. 1). The thickness influences TC somewhat, but for

each thickness the order Tð110Þ
C < Tð012Þ

C < Tð100Þ
C was main-

tained, thus corroborating the role of the substrate in
determining TC. The exact reason for this wide range of
TC variations is outside the scope of this Letter (see

Supplemental Material for more details [36]). However,
we can conclude that the energy scales associated with the
strains are comparable to those associated with the tran-
sition, as they lead to variations of almost 20% of the bulk
TC ¼ 160 K. Given these large variations in MIT temper-
atures, one expects that the SPT, if decoupled from the MIT,
would decouple to different extents in the different films.
To study the evolution of the SPT, we used XRD to

measure the temperature dependence of the out-of-plane
Bragg peaks in our films. As shown in Fig. 2(a), at
temperatures well above (below) the transition, a single
Bragg peak is observed, indicating that the film is fully in
the corundum (monoclinic) phase. At intermediate temper-
atures, two peaks are observed, indicating a mixture of
corundum and monoclinic domains. The data were fitted
with two Lorentzian+Gaussian sums that yielded an excel-
lent approximation to the more accurate yet computation-
ally demanding Voigt function. We note that the intensity
and total area of the monoclinic peak is usually smaller than
that of the corundum peak. The main reason for this is that
for some monoclinic twins the diffraction conditions are
not met for the out-of-plane measurement configuration,
resulting in reduced intensity for the out-of-plane peak. We
found that different monoclinic twins, made inequivalent
due to the substrate, evolve differently in some cases
with temperature. Thus, the low-temperature peak does
not provide a good indication for the evolution of the total
monoclinic phase fraction in the sample. However, the
corundum peak is unique and as such provides an accurate
account of the total corundum phase fraction (CPF),
which was extracted solely from the area under the
high-temperature peak fit.
Measurements of the metallic phase fraction (MPF)

across the MIT were performed using Fourier transform

FIG. 1. Resistance vs temperature curves for three 100 nm
samples of V2O3 grown on sapphire substrates with different
orientations. A ∼30 Kvariation in TC is observed both above and
below the TC of bulk V2O3.
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IR spectroscopy (FTIR) in reflection mode (see [52] for
technical details). An example of the spectra for a 100 nm
V2O3 film as a function of temperature is shown in
Fig. 2(b). The curves are normalized to the spectrum
obtained at room temperature. Up to 950 cm−1 the spec-
trum is nonmonotonic with temperature showing several
sharp absorptions due to phonons in the sapphire substrate,
along with a broad dip at ∼850 cm−1, which appears only
at intermediate temperatures. Very similar behavior was
observed also in VO2 films due to Fabry-Perot-like cavity
resonances, which are made possible by the high reflec-
tivity of sapphire in this regime [see green dashed curve in
Fig. 2(b)] [53]. In the range 1100–2000 cm−1, the sapphire
reflectivity is less than 5% so that cavity resonances are
strongly suppressed. In this regime, the reflectivity mono-
tonically decreases as the sample is cooled down from the
metallic to the insulating state. This is expected from the
decrease in the number of free carriers due to the MIT.
To extract the MPF, we assume that the change in

reflectivity is only due to the change in the metallic and
insulating phase fractions and neglect the temperature
dependence of the reflectivity of each pure state. The
effective optical constants of the film are thus an average
of the invariant optical constants of the pure metallic or
insulating domains, weighted by their volume fraction [54].
This yields the following formula for the MPF as a function
of temperature:

MPFðTÞ ¼ rðTÞ − rI
rM − rI

;

where rM and rI are the reflectivity of the purely metallic
and insulating states, respectively (obtained at the lowest
and highest measured temperatures), and rðTÞ is the
reflectivity at temperature T. Previous work suggests that
in VO2, close to the MIT, optical constants of the pure
states vary as a function of temperature even before the
MIT occurs [55]. These variations were found to be
strongly wave number dependent. In our case, however,
we find that in the range 1100–2000 cm−1 the reflectivity
varies negligibly at temperatures below or above the
transition and the extracted MPF is almost wave number
independent (see Fig. S2). Thus, significant effects of
cavity resonances or intrinsic optical properties that are
strongly wave number and temperature dependent can be
ruled out. This supports our assumption regarding the
invariance of optical constants of the pure states and
reinforces the reliability of our method of extracting the
MPF from rðTÞ. The extracted MPFðTÞ shown in Fig. 3 is
an average over the range of 1100–2000 cm−1.
During all temperature-dependent measurements

described in this Letter, the resistance of the film was
recorded and used for thermometry calibration to ensure
temperature shifts between the different measurement
systems were accounted for. This calibration procedure
is crucial since shifts of several degrees between different
systems are common. By monitoring the resistance, we
have also found that the energy fluxes used in our phase
fraction measurements do not perturb the state of the
system. This was also confirmed by checking for repro-
ducibility with various probe intensities (see Supplemental

FIG. 2. Determination of high-temperature phase fractions. (a) Temperature-dependent XRD of 100 nm (012) V2O3 showing the
evolution from the high-temperature corundum state to the low-temperature monoclinic state. Solid lines are fits to the data. The
corundum phase fraction is derived from the area under the graph of the corundum peak fit. (b) Normalized FTIR spectra acquired on
the same sample as in (a) while cooling. The low wave number range shows a cavity resonance centered at ∼850 cm−1 due to the high
sapphire reflectivity in this regime (green dashed curve). The V2O3 metallic phase fraction was extracted from the 1100–2000 cm−1
range. See text for more details.
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Material for details [36]). We note that deriving the phase
fraction from resistance vs temperature measurements
requires exact knowledge of domain structure and is
otherwise very unreliable due to the anisotropic domain
configuration and percolative nature of the transition (see
Supplemental Material for details [36]).
Figure 3 presents the main findings of this Letter—a

comparison between the MPFðTÞ and CPFðTÞ, comprising
the electronic and structural high-temperature states,
respectively. All measurements presented in Fig. 3 were
performed on 100 nm thick V2O3 films grown on sapphire
substrates of different orientation. Despite the large
differences in the critical temperatures and strains between
the three films, we found a remarkable correspondence
between the MPF and CPF even though the two quantities
were measured using very different techniques. This
shows that the strains in our films are unable to decouple
the MIT and SPT, indicating a robust coupling between
them. This indicates either a causative relation between
these transitions or that they share a common origin. For
applications involving V2O3 devices, it seems that the
SPT is hard to avoid and may produce a large contribution
to the energy, time, and mechanical wear involved in the
switching process.
In both XRD and IR measurements shown in Fig. 3, the

entire thickness of the V2O3 films was probed. The x rays
have a penetration depth of ∼13 μm [56], which is 2 orders
of magnitude larger than the film thickness. The penetration
depth in our IR frequency range is approximately 180 and
760 nm in the metallic and insulating states, respectively.
This leads to a probed depth that varies between 90 and

380 nm when measuring reflectivity. The 100 nm thick
films are within the probed depth, and therefore we were
able to obtain very good correspondence between the MPF
and CPF.
For thicker films, however, the same procedure yielded

significant differences between the apparent MPF and CPF
in some cases, similar to a previous study on a film of
300 nm thickness [47]. Importantly, for the same substrate
orientation, the differences in lattice parameters between
100 and 300 nm thick films (less than 0.02%) are an order
of magnitude smaller than the typical strain in our films (in
the range of 0.1%–1%). This shows that past a thickness of
at most 100 nm the strain in our films is constant. It is thus
unlikely that a decoupling of the MIT and SPT would
appear in thicker films but not in thinner ones. More
plausibly, we argue that the differences in the probed depth
may lead to a discrepancy between the CPF and apparent
MPF when the evolution of metallic or insulating domains
is depth dependent. Such depth dependence was recently
observed in VO2, where domains tended to nucleate on
either the top or bottom of the film and then grow to engulf
the entire thickness [38].
To check if the domain evolution in our case is uniform

across the thickness of the sample, we grew a 55 nm V2O3

film on a double-side polished sapphire substrate and
measured the reflectivity from both sides of the film.
For this measurement, we used a 660 nm laser that probes
a depth of ∼26 nm in the metallic state. More details on this
measurement can be found in the Supplemental Material
[36]. We note that, contrary to the IR regime, for this
wavelength, the insulating state is more reflecting than the
metallic state due to an increased lossiness of the metallic
state and approaching a Fabry-Perot resonance in the
insulating state, similar to the case of VO2 [57]. In the
laser system, we can only measure at a single wavelength,

FIG. 3. Comparison between the metallic and corundum phase
fractions as determined from IR spectroscopy and XRD, respec-
tively. These measurements were performed on 100 nm films
grown on sapphire substrates of different orientations. Despite large
variation in transition temperatures, the electronic and structural
phase transitions are coupled to our measurement accuracy.

FIG. 4. Reflectivity of a 55 nm thick V2O3 film as a function of
temperature as measured from the front (solid line) and the back
(dashed line) using a 660 nm laser. The penetration depth in the
metallic state is small enough to probe ∼26 nm on either side of
the film. Significant differences between the measurements are
found, indicating that domain evolution is depth dependent even
in very thin films.
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making exact extraction of phase fractions unreliable, as
previously discussed. Nevertheless, significant differences
between the reflectivity curves as measured from the front
and the back are readily observed (Fig. 4). For ease of
comparison, the reflectivity curves were normalized
between zero and one. The front illumination transitions
are lower in temperature, significantly more smeared, and
their hysteresis is smaller and closes ∼10 K below their
backillumination counterparts. This shows that, as in the
case of VO2, the domain evolution in our samples is depth
dependent, highlighting the importance of using probes that
are sensitive to the same depth. Taking into account that
the nano-IR signals measured in Ref. [47] emanate from a
rather shallow depth (∼20 nm), it is plausible that the
apparent MIT, as measured with this method, would be
shifted to a lower temperature compared to the SPT, which
is measured with bulk sensitive techniques in a 300 nm
thick film.
In conclusion, we compared the SPT and MIT in strained

V2O3 thin films with TC values above and below the bulk
transition temperature. Despite different strain magnitudes
and orientations and ∼30 K variation in transition temper-
ature, the SPT and MIT are coupled in all films, to our
measurement resolution of 1 K. This robust coupling places
important constraints on the mechanism behind the MIT in
V2O3. We note that these findings cannot preclude decou-
pling of phase transitions in metastable states that are not
accessible in equilibrium. However, our results are consistent
with findings of pump-probe experiments that suggest that,
even far from equilibrium, metallic domain growth is limited
by SPT timescales. Our findings also have important
implications for understanding the fundamental limits on
speed, reliability, and energy consumption of V2O3-based
devices. We discuss ways to overcome common artifacts
that may arise in this type of measurement in other Mott
materials. Among other considerations, we show that the
resistance is not a reliable way of measuring the MPF and
cannot be straightforwardly compared to measurements
probing other phase fractions (see Supplemental Material
[36]). We also suggest a judicious way of choosing a
wavelength range to accurately extract the MPF from
spectroscopy measurements. Additionally, we found evi-
dence that the temperature evolution of the domain structure
is depth dependent even in very thin films, highlighting the
importance of probing the same volume with different
techniques for measuring the MPF and CPF. These often
overlooked considerations may explain contradictions found
in similar works on V2O3 and VO2.
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