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In-Operando Spatiotemporal Imaging of Coupled
Film-Substrate Elastodynamics During an Insulator-to-Metal
Transition

Greg Stone, Yin Shi, Matthew Jerry, Vladimir Stoica, Hanjong Paik, Zhonghou Cai,
Darrell G. Schlom, Roman Engel-Herbert, Suman Datta, Haidan Wen, Long-Qing Chen,
and Venkatraman Gopalan*

The drive toward non-von Neumann device architectures has led to an
intense focus on insulator-to-metal (IMT) and the converse metal-to-insulator
(MIT) transitions. Studies of electric field-driven IMT in the prototypical VO2

thin-film channel devices are largely focused on the electrical and elastic
responses of the films, but the response of the corresponding TiO2 substrate
is often overlooked, since it is nominally expected to be electrically passive
and elastically rigid. Here, in-operando spatiotemporal imaging of the coupled
elastodynamics using X-ray diffraction microscopy of a VO2 film channel
device on TiO2 substrate reveals two new surprises. First, the film channel
bulges during the IMT, the opposite of the expected shrinking in the film
undergoing IMT. Second, a microns thick proximal layer in the substrate also
coherently bulges accompanying the IMT in the film, which is completely
unexpected. Phase-field simulations of coupled IMT, oxygen vacancy
electronic dynamics, and electronic carrier diffusion incorporating thermal
and strain effects suggest that the observed elastodynamics can be explained
by the known naturally occurring oxygen vacancies that rapidly ionize (and
deionize) in concert with the IMT (MIT). Fast electrical-triggering of the IMT
via ionizing defects and an active “IMT-like” substrate layer are critical
aspects to consider in device applications.
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1. Introduction

The drive for smaller, low-power, and differ-
ent computing architectures has led to the
search for a new generation of electronic
materials that possess a controllable, fast
electronic phase transition with several or-
ders of magnitude change in conductivity.
Materials exhibiting an insulator-to-metal
transition (IMT), and conversely a metal-
to-insulator transition (MIT), have demon-
strated sub-picosecond intrinsic switching
times in pump-probe measurements.[1–3]

Device architectures using these materi-
als have been proposed and demonstrated
for next-generation electronic and neu-
romorphic computing.[4–7] Despite these
successes, key questions remain as to
whether the fast switching of the electronic
state can be driven solely by the applica-
tion and removal of an applied voltage.

Numerous attempts to answer this ques-
tion exist in literature with considerable
emphasis on VO2

[4,8–11,12] due to its strain
tunable IMT temperature that occurs near

Z. Cai
Advanced Photon Source
Argonne National Laboratory
Lemont, IL 60439, USA
R. Engel-Herbert
Paul-Drude-Institut für Festkörperelektronik
Leibniz-Institut im Forschungsverbund Berlin e.V
Hausvogteiplatz 5, 10117 Berlin, Germany
S. Datta
School of Electrical and Computer Engineering
Georgia Institute of Technology
Atlanta, GA 30332, USA
H. Wen
Materials Science Division and Advanced Photon Source
Argonne National Laboratory
Lemont, IL 60439, USA

Adv. Mater. 2024, 36, 2312673 2312673 (1 of 10) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

http://www.advmat.de
mailto:vgopalan@psu.edu
https://doi.org/10.1002/adma.202312673
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202312673&domain=pdf&date_stamp=2024-03-18


www.advancedsciencenews.com www.advmat.de

room temperature and exhibits up to five orders of magni-
tude change in the magnitude of the electrical conductivity.
To date, these efforts have demonstrated Joule heating,[13,14]

changes in the material stoichiometry,[15–19] or the creation of
defects[20–22] and lattice disordering[23] as mechanisms driving
the IMT; however, demonstrating pure electronic control of
the IMT has proven to be elusive. Investigations into the elec-
tronic control of the IMT show that Joule heating is the pri-
mary mechanism that causes the phase change. Often over-
looked in these electronically driven IMTs is the role of de-
fects and stoichiometry, except for liquid ionic gating experi-
ments where extrinsic oxygen vacancy defects are actively in-
jected into and out of the VO2.[15–19] In two- and three-terminal
device architectures employed in modern electronics, the elec-
trodes are solid-state metals (instead of ionic liquids), and such
interface electrochemistry leading to active defect injection is
absent. Nonetheless, native oxygen vacancies are still present
in these films as well as their substrates, and their concentra-
tion is known to have a large impact on the phase transitions
in these materials.[15,24–27] However, it remains unknown as to
what role these vacancies and their ionization and deionization
dynamics play during the IMT. Further, the role of the sub-
strate is largely overlooked, though as we will show, it indeed
plays an active role both electrically and elastically in the IMT
switching.

To better understand the dynamics of an electrically driven
IMT in VO2, we have performed the in-operando spatiotemporal
mapping of the structure in a two-terminal device using a pulsed
nanoscale X-ray probe. VO2 was chosen for these studies due to
its well-known phases and the ability to manipulate the IMT tem-
perature via strain.[15,28] A number of recent in-operando studies
have shed important light on the operation of a two-terminal
device, including ultrafast electron diffraction,[29] in-operando
electron microscopy,[30,31] optical reflectivity microscopy,[13]

X-ray florescence and diffraction microscopy,[21,22] and X-ray-
diffraction studies under ionic gating.[18] The spatiotemporal X-
ray measurements made here differ from previous in-operando
studies in three important aspects. First, unlike electron mi-
croscopy techniques[30,31,29] that require electron-transparent
samples, the present study is performed on a bulk device in its
native state requiring no modification of the film. Second, this
work was done on single-crystal films avoiding grain bound-
ary defects inherently present in polycrystalline films in prior
studies.[21,22,32] Finally, the present study simultaneously probes
both the dynamics of the film and deep inside the substrate
(estimated as up to ≈14 μm in depth) unlike a prior study that
probed ≈2–3 nm depth of the substrate.[33] The in-operando
studies here demonstrate a complex structural transition in VO2
from the insulating M1 to the metallic R phase on a time scale
longer than the change in conductivity in an electrically-driven
IMT. Additionally, the elastic changes are contrary to what is
expected in bulk VO2 phases, indicating the role of point defects.
We bring together vacancy electronic dynamics, diffusion, ther-
mal, and strain effects into a unified macroscopic phase-field
model for the operation of a VO2 two-terminal device. It reveals a
transition from neutral to ionized oxygen vacancies at the onset
of the IMT that is strongly coupled to both the electronic and
elastic changes across the IMT in VO2 as well as in the TiO2
substrate.

2. In-operando Spatiotemporal Diffraction
Microscopy

The geometry of the two-terminal VO2 devices is shown in Figure
1a. In the bulk state, VO2 possesses an IMT at 340 K and under-
goes a structural transition from a monoclinic M1 (insulating)
to a tetragonal/rutile R (metallic) phase. The IMT can also be
driven through strain, doping, and defects, which can stabilize
new crystal structures such as monoclinic M2 and M3, and tetrag-
onal T phases.[34,35] For this study, 10 nm thin VO2 single crystal
films were grown on TiO2 (001) substrates by molecular beam
epitaxy, which were then processed into a series of 2-terminal de-
vices using standard lithography techniques as described in the
Experimental Section. The in-plane lattice mismatch between the
metallic rutile VO2 and the TiO2 substrate results in a ≈0.85%
epitaxial tensile strain in the VO2 film, which lowers the IMT
temperature to a measured 290 K (Figure S1, Supporting Infor-
mation). The detailed device geometry is depicted in Figure S2
(Supporting Information).

Time-resolved X-ray diffraction (XRD) imaging measurements
of the VO2 transformation dynamics from the insulating M1 to
the metallic R state across the two-terminal were performed at the
Advanced Photon Source (APS) at Argonne National Laboratory
on the 2-ID-D beamline (Experimental Method and Figure 1a).
The measured duration of the IMT was 1.5 μs (Figure 1b). The
dynamics of the structural evolution of the VO2 channel across
the IMT was probed by measuring the position of the VO2 M1
(402̄) peak in reciprocal space at 0.5 μs time intervals. The mo-
saics of diffraction intensity distributions were post-processed
to calculate the changes in the reciprocal space mean location
(Δqx and Δqy,z) and the variance [𝜎(qy,z)], of the diffracted X-rays
(Figure 1c). During the off-state (electrically insulating M1) the
2D maps of Δqx and Δqy,z show high uniformity across the 2-
terminal device channel and under the electrodes. This drasti-
cally changes at the onset of the IMT (0 μs delay) where strong
local changes in Δqx and Δqy,z are observed; the Δqx is across the
10 μm width of the device while Δqy,z is across the 6 μm length of
the device. Subsequent time delay measurements show that the
changes to Δqx and Δqy,z reach a maximum at a 1 μs delay be-
fore gradually relaxing over the next 5 μs back toward a uniform
distribution. Interestingly, this structural evolution occurs over a
much longer time scale than the observed electronic transition
≈1 μs. The sign changes in Δqx across the width of the channel
and Δqy,z across the length of the channel indicate a bulge of the
lattice planes as depicted in Figure 1d. This bulge is surprising
since the transformation to the metallic R phase should lead to
a shrinkage of the lattice parameter out-of-plane as measured in
equilibrium lattice parameter changes (Figure S3, Supporting In-
formation). Another surprising observation is that a similar map-
ping with the substrate Bragg peaks shows that TiO2 (002) also
coherently bulges in a similar manner (Figure S4, Supporting In-
formation). We look at these surprising aspects more closely next
and tie them to ionizing oxygen vacancies concurrent with the
IMT.

Figure 2a shows the projections of the constructed reciprocal
space maps (RSMs) into the qy,qz plane for three different points
(P1, P2, and P3) across the 6 μm length of the 2-terminal device
for time delays of “off,” 0, 1, and 6 μs. The change in intensity
at each of the points and the time delays from the “off” state
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Figure 1. a) Schematic of the in-operando synchrotron X-ray imaging setup at the beamline. A simple circuit of the two-terminal VO2 device is connected
in series to a function generator and a resistor, of which the voltage drop across (VRs) is used to monitor the electrical state of the VO2 device. The two-
terminal device is mounted onto a 3-axis stage and placed into a focused X-ray beam. The temperature of the device was maintained at 245 K by a flow
of cold nitrogen gas. The diffracted X-rays are captured on a Pilatus 100 K area detector. b) Voltage versus time of the applied voltage pulse (red curve)
and voltage drop across the series resistor (blue curve). A ≈7 μs dwell time is observed before the onset of the IMT (green region) and confirms that
the two-terminal device starts in the “off” insulating state. Above the voltage versus time plot is the recorded diffraction intensity for four different time
intervals from the insulating, IMT, and metallic phases. Large changes in the diffracted intensity distribution are shown during the IMT. c) Time-resolved
shifts in the Bragg peak during the IMT [from M1(402̄) to the R (002)] in the x-direction (Δqx, first row) and in the y–z plane at an angle of ≈26° to the
y-axis (Δqy,z, second row) shows that the film in the channel transiently bulges in the middle (right schematic) within 1–2 μs following the IMT followed
by a relaxation of the bulge on a longer time scale. The third row shows the broadening of the variance, 𝜎(qy,z), indicating that the broadening of the
Bragg peak is the largest during the IMT transition (green window in panel b). d) A schematic of the lattice distortion across the VO2 channel deduced
from the imaging in panel c.

are shown in Figure S5 (Supporting Information). The RSMs for
the remaining time delays are shown in Figure S6 (Supporting
Information). During the “off” state, a well-resolved single peak
corresponding to the insulating VO2 M1 (402̄) peak is observed.
At the onset, 0 μs delay of the electrically driven IMT, this sin-
gle peak splits into two distinct peaks. The first peak (𝛼) shows
a decrease in qy by −0.024 Å−1 (or −0.53%), which corresponds
to an increase in the out-of-plane lattice spacing of the VO2 film,
consistent with the bulge in Figure 1d. The direction of this shift
is opposite to what is expected for the metallic R peak in VO2,
which has a shorter out-of-plane lattice spacing than M1 (Figure
S3, Supporting Information). The other peaks shift positive (𝛾)
or negative (𝛽) in qz ±0.009 Å−1, which corresponds to a rota-
tion about the x-axis by ≈0.1°, depending on its location across

the lengths (z-position in Figure 1a) of the sample. Neither of
these peaks is located at the position of the VO2 R (002) Bragg
peak, which has a smaller out-of-plane lattice (larger qy) than the
VO2 M1 peak corresponding to a qy value larger than the M1

(402̄) position (Figure S3, Supporting Information). Tracking the
position of these peaks as a function of time delay (Figure 2b)
shows that the three peaks migrate toward the VO2 R peak lo-
cation and become indistinguishable at a time delay of ≈2–3 μs.
Afterward, the peaks continue to gradually move toward the VO2
R (002) Bragg peak but have yet to stabilize at the 6 μs delay
mark despite the electrical transition finishing over 4.5 μs earlier
(1.5 μs delay).

To examine the spatial behavior of these peaks across the 6 μm
channel length of the 2-terminal device, 𝜃/2𝜃 and rocking curves
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Figure 2. Dynamics of the VO2 M1 (402̄) peak across the IMT: a) Projection of the reconstructed 3D reciprocal space map in the (qy,qz) plane for
three different VO2 channel positions (P1 = −3 μm, P2 = 0 μm, and P3 = 3 μm) and four different time delays (“off”, 0, 1, and 6 μs). The centroid of
the monoclinic M1 peak is indicated by the white dashed lines. At the onset of the IMT (0 μs) the VO2 M1 peak splits into two peaks at three distinct
positions in reciprocal space labeled 𝛼, 𝛽, and 𝛾 . b) Plot of the average centroid positions in qy and qz of the 𝛼, 𝛽, and 𝛾 peaks for the different time delays
showing a gradual migration toward the VO2 R (002) position on a time scale longer than the 1.5 μs observed for the electronic transition. c) 𝜃/2𝜃 and
rocking curves (Δ𝜔) of a 1D spatial line scan across the two-terminal device at the four time delays shown in panel a. As illustrated in the RSM, there is
a decrease in the 2𝜃 value at the onset of the IMT, which is in the opposite direction of the VO2 R (002) peak. Note the 𝜃 /2𝜃 and rocking curve traces
the vertical and horizontal dashed lines, respectively, in panel a. d) An illustration (not to scale) showing additional VO2 domains emerging at the onset
of the IMT not found in either the M1 or R equilibrium states that give rise to the observed 𝛼, 𝛽, and 𝛾 peaks.

about the VO2 M1 (402̄) peak were collected at 0.75 μm steps,
which respectively follow the vertical and horizontal dashed lines
shown in Figure 2a. Figure 2c shows the results for the time de-
lays “off,” 0, 1, and 6 μs, with the remainder of the time delays
shown in Figure S6 (Supporting Information). For the “off” state,
both the 𝜃/2𝜃 and the rocking curves show a uniform film of the

M1 VO2. At the start (0 μs) of the IMT, there is a uniform shift
in intensity to a lower 2𝜃 value across the center 4 μm stretch
of the device channel length, while the transition region from
the channel to the electrodes shows a large decrease in inten-
sity. Concurrently, there is a large decrease in the rocking curve
intensity across the center of the device, while at the electrode
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transition region, the intensity shifts to a higher or lower rocking
angle depending on the position. These measurements are again
consistent with the swelling of the out-of-plane lattice parameter
in VO2 within the channel region seen in Figures 1 and 2. Addi-
tionally, the 𝛼, 𝛽, and 𝛾 peaks observed in the RSMs in Figure 2a
are uniform across a region of several micrometers. As with the
RSM measurements, the changes in the 𝜃/2𝜃 and rocking curve
maps migrate over the next 6 μs to the expected VO2 R (002) peak
but have yet to achieve equilibrium at 6 μs.

Figure 2d shows a conceptual illustration of the evolution of
the VO2 structure due to the voltage-initiated IMT derived from
the X-ray data. In the “off” state, there is a uniform film of the
VO2 M1 phase both under the electrodes and within the channel.
At the onset of the IMT, the VO2 undergoes a growth of the out-
of-plane lattice parameter (𝛼); however, the VO2 under the elec-
trodes is still M1. This necessitates transition regions (𝛽 and 𝛾)
with crystal planes rotated in opposite directions to maintain the
continuity of the crystal planes between the swollen VO2 within
the channel and the nominal M1 phase under the electrodes. Over
time, the swelling decreases and the VO2 within the channel be-
comes metallic R with a small transition region. Phase-field mod-
eling discussed further on suggests that this swelling spatially
correlates with a gradient in the ionized oxygen vacancy concen-
tration in the film from the center (𝛼 peak) toward the sides (𝛽,𝛾
peaks) of the channel closer to the electrodes.

Next, we look at the elastodynamics of the TiO2 substrate.
Figure 3a shows the constructed projection of the RSM in the qy-
qz plane for the TiO2 (002) Bragg peak for the time delays “off”,
0, 1, and 6 μs. Also shown are the data for five spatial positions
across the 2-terminal device, P0 through P4, with P1, P2, and P3
corresponding to the same positions for VO2 in Figure 2a. The
RSM projections for the other time delays and additional spatial
locations are shown in Figure S7 (Supporting Information). In
the “off” state, the qy,qz projections for each of the spatial posi-
tions across the 2-terminal device show an intensity distribution
that is consistent with the bulk TiO2 (002) peak. At the onset of
the IMT (0 μs delay), a large amount of diffracted intensity is ob-
served in the qy,qz projections at lower qy values in both the pos-
itive and the negative qz values. This scattered intensity outside
the bulk Bragg peak shall henceforth be referred to as the “tail.”
The total diffracted intensity in the tail can be more than twice
that in the bulk (002) peak (Figure 3b); hence ≈2/3rd of the pen-
etration depth of the X-rays (≈14 μm) yields an estimate of ≈9–
10 μm of the TiO2 substrate near the surface that has undergone
a structural change. At its most extreme, the tail intensity extends
−0.024 Å−1 (or−0.55%) in qy and 0.01 Å−1 in qz from the center of
the bulk TiO2 (002) peak. In comparison, the bulk Bragg peak has
a width of 0.008 Å−1 in qy and 0.003 Å−1 in qz when measured at
the 1% intensity of its maximum. The shape of the tail’s intensity
distribution is not simply an elongation of the Bragg rod in qy, as
would be expected for a uniform thin region. Instead, it curves
from + qz to − qz as it propagates lower in qy. This distribution
indicates that the focused X-ray beam is simultaneously probing
many different discrete out-of-plane lattice spacings and tilts. As
the delay time increases, the size of the tail in the qy,qz projec-
tion quickly decreases over the first 2 to 3 μs and then slowly con-
verges back to the bulk Bragg intensity distribution. Like the VO2
film, the remnant of the tail gradually decreases past ≈2 μs and
is still observed at the 6 μs time delay. Oversampling due to the

spread of the incident wavevectors in the focused beam was ruled
out as the sole cause of the intensity outside the bulk substrate
peak of (002), by placing a virtual slit on the CCD to reduce the
impact of the spread of incident wavevectors; while the amount
of intensity outside the bulk substrate peak drops, there is still a
significant amount of intensity compared to the bulk peak. The
origin instead is likely related to the dynamical scattering from
the modified TiO2 layer, which is sensitive to crystal disorder and
can enhance the scattering intensities.[36,37]

3. Phase-Field Modeling and Discussion

In conjunction with the results observed in the VO2 film, a clearer
picture emerges on what is occurring within the region sur-
rounding the 2-terminal device. Both the TiO2 substrate and the
VO2 film experience a large swelling at the onset of the IMT
(Figure 3c). As a result, the VO2 film is lifted and bowed into
a dome shape leading to modification of the strain within the
VO2 film. This creates domains within the VO2 film with differ-
ent crystal structures, which are reminiscent of those observed in
bent VO2 nanobeams.[38,39] To get a better understanding of how
such transient swelling can be introduced via electric fields, we
present a phase-field model to describe how oxygen vacancy dy-
namics could be crucial to the swelling of the VO2 film. A phase-
field model incorporating both the electronic[40] and structural
effects of oxygen vacancies, is developed to understand the ori-
gins of the transient elastic deformations observed by the X-ray
during the electronically driven IMT (see Experimental Section
and Supporting Information for the model details). We use this
model to simulate the phase transition of the VO2 thin film in the
electrode/VO2/TiO2 system supplied with a periodically pulsing
voltage. Snapshots of various fields are shown in Figure 4.

We begin by noting that [V tot
O ] = [V ⋅⋅

O] + [V×
O], where [V×

O] is
the concentration of the neutral oxygen vacancies. At equilibrium
(“off” state), the concentration of the total oxygen vacancies [V tot

O ]
in the substrate (≈0.0077 f.u.−1) is approximately an order of mag-
nitude less than that in the film (≈0.044 f.u.−1) (Figure 4d). This is
due to the much higher oxygen vacancy formation energy of the
TiO2 than that of VO2 (Supporting Information). The defect level
of oxygen vacancies is located near the midpoint of the energy
gap of VO2 so that the ionized oxygen vacancies V ⋅⋅

O constitute
only ≈10% of the total oxygen vacancies V tot

O in the insulating M1
state (Figure 4c).

After the voltage is turned on, the film is Joule heated and
an increasing number of itinerant electrons and holes are gen-
erated; however, the VO2 film initially remains in the insulat-
ing M1 phase. After a 5.9 μs incubation period, the temperature
of the film reaches the IMT temperature of 338 K (Figure S8,
Supporting Information) and abruptly begins to transform into
the metallic R phase. We note that the simulated IMT tempera-
ture more closely represents the bulk VO2 IMT temperature than
what is observed in the grown film (290 K), which is likely due
to the plane strain approximation (zero strain perpendicular to
the cross-section, which underestimates the strain effect) used
in the simulations; a 3D strain distribution indeed predicts a de-
crease in the transition temperature.[41] At the onset of the IMT
(relabeled 0 μs), there is an abrupt decrease in the structural order
parameter 𝜂 (Figure 4e) and the electronic band gap Eg (Figure 4f)
in the VO2 film to values between the insulating M1 and
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Figure 3. Dynamics of the TiO2 R (002) peak across the IMT: a) Projection of the reconstructed 3D RSM in the plane of the TiO2 (002) Bragg peak for
five different positions (P0, P1, P2, P3, and P4) along the VO2 channel in the two-terminal device. The RSM is shown for four different time delays (off,
0, 1, and 6 μs), with the intensity distribution shown at “off” corresponding to the bulk TiO2 R (002) Bragg peak. At the onset of the IMT (0 μs), a large
increase in intensity outside the Bragg peak emerges sweeping to lower qy, whose profile in reciprocal space is dependent both on the time delay and
spatial position. Remnants of this intensity outside the Bragg rod are visible out to 6 μs, with a time-scale evolution remnant of what was observed in
the VO2 M1 peak. b) Plot of the normalized integrated XRD intensity of the TiO2 (002) Bragg rod across the 2-terminal devices at different time delays
above a similar plot of the integrated intensity outside the bulk TiO2 (002) Bragg rod. The integration mask used to construct the plots is shown on the
left. A large increase in scattered X-ray intension outside the Bragg rod along with an increase in the total diffracted X-ray intensity is observed. c) An
illustration (not to scale) of the expansion of the substrate giving rise to the long tails in the Bragg peak. Included is the domain structure in the VO2
film.

metallic R phase, which indicates that the VO2 film has taken
on an intermediate transient phase. Concurrently, almost all the
neutral oxygen vacancies in the film ionize, that is, V×

O → V ⋅⋅
O +

2e′ (Figure 4c), because the defect level is now in the conduction
band (Figure S9, Supporting Information) due to the band gap
reduction. The free electrons suddenly released from the oxygen

vacancies promote the IMT by screening the electron–electron
Coulomb interaction.[42,43] While the neutral oxygen vacancies
are ionizing, there is no net movement of the vacancies into or
out of the VO2 film (Figure 4d) due to their slow diffusion. Impor-
tantly, the out-of-plane (Figure 4a) and rotation/shear (Figure 4b)
strain in the VO2 channel increases abruptly, consistent with the
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Figure 4. Phase-field simulation of the voltage-induced IMT in VO2/TiO2 system with oxygen vacancies. Snapshots of the y–z planar cross-section (in
Figure 1b) at three different time delays, namely, off-state, 0 μs (onset of the IMT), and 14.1 μs are shown. The dashed lines indicate the interface between
the VO2 film and the TiO2 substrate. The gold bars on top of the panel a represent the electrodes whose polarity is marked by the minus and plus signs.
The scale bar and coordinate system are displayed at the corner of panel f) Panel a) Out-of-plane strain, 𝜖yy; panel b) Shear strain in the cross-section
plane, 𝜖yz; panel c) the concentration of the ionized oxygen vacancies [V⋅⋅

O] in units of per formula unit; panel d) the total concentration of both ionized
and neutral oxygen vacancies [Vtot

O ] = [V⋅⋅
O] + [V×

O] in units of per formula unit; panel e) the structural order parameter 𝜂 in the VO2 film ranging from
the R (𝜂 = 0) to M1 (𝜂 ≈ 1) phases; panel f) the electron energy gap in the VO2 film, ranging from zero (metal) to 0.32 eV (insulator). The substrate
is colored white in panels e) and f) as these order parameters are relevant only in the film region.

Adv. Mater. 2024, 36, 2312673 2312673 (7 of 10) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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synchrotron X-ray data. This anomalous lattice expansion arises
from the IMT-induced sudden ionization of oxygen vacancies,
whose expanding defect strain in the ionized state is larger than
that in the neutral state.[44,45] We have also simulated the same
process in the absence of oxygen vacancies and have only seen
a shrinkage of the VO2 film in the out-of-plane direction (Figure
S10, Supporting Information), as expected for the M1-to-R struc-
tural phase transition.

After the IMT (14.1 μs), the ionized oxygen vacancies grad-
ually recombine with the electrons injected from the electrode
(Figure 4c), leading to a shrinkage of the out-of-plane lat-
tice parameter until it reaches the equilibrium R-phase values
(Figure 4a). To confirm that the shrinkage arises from the elec-
tron injection, we also simulate the thermally triggered IMT with
zero voltage, showing that after the IMT, the ionized oxygen va-
cancies remain ionized and the bulge persists (Figure S11, Sup-
porting Information). The concentration of ionized oxygen va-
cancies in the TiO2 substrate near the interface increases due to
diffusion from the VO2 film and local thermal excitation, result-
ing in an expansion of the out-of-plane lattice parameter there
(Figure 4a). In the experiment, however, the swelling of the sub-
strate occurs at the onset of the IMT, possibly because the band
gap of TiO2 near the interface could also be changing due to its
proximity to the VO2 film, and oxygen vacancies there also sud-
denly ionize as the gap closes. This possible effect is not con-
sidered in the phase-field model (Figure S9, Supporting Infor-
mation) since it causes difficulty for convergence in the current
computational implementation. The model does indicate a lat-
tice expansion of both the film and the substrate due to oxygen
vacancy ionization as seen in the experiments. This discovered
mechanism indicates that the transient swelling of the VO2 film
and substrate should be ubiquitous for any oxide substrate sat-
isfying two conditions: 1) The defect level of oxygen vacancies
in the substrate is deep enough in the band gap in the insulating
state so that the vacancies are mostly neutral, and 2) The substrate
undergoes an IMT-like transition in proximity to the VO2 film so
that the vacancies there ionize as the gap closes. The physics of
this proximity effect, by which a microns thick surface layer of
VO2 also exhibits IMT-like behavior is presently not understood,
and hence not considered in the phase-field modeling; it is an
exciting avenue to pursue in future studies.

4. Conclusion

In summary, we reveal an exquisitely detailed electro–chemo–
thermo–mechanical mechanism underlying the IMT transition
in a 2-terminal VO2 film device on a TiO2 substrate. In-operando
electrical voltage cycles repeatedly trigger the IMT in the VO2
film channel, which is spatiotemporally imaged using XRD mi-
croscopy. It reveals new transient changes to the crystal structure
not observed in equilibrium, strain dynamics upon the IMT that
is different from purely thermally driven phase transitions, and
surprisingly, dramatic strain in the TiO2 substrate that also ap-
pears to develop an IMT-like layer microns deep. The realization
of the missing link, that two types of vacancies exist, one neutral
and the other ionized, and that the latter has a larger defect strain
than the former, results in a transient expansion of the lattice pa-
rameter (rather than a contraction as would be expected in equi-
librium) when the IMT results in the ionization of the neutral

vacancies. The ionization state–strain coupling of the oxygen va-
cancies during the IMT and the active electrical and elastic roles
of the substrate with an “IMT-like” microns-thick layer closely
coupled to the IMT in the film are new fundamental insights
gleaned from this study that should inform device design. The
positive feedback process due to vacancy ionization is predicted
to shorten the IMT time,[40] which then leads to Mott electronic
oscillators exhibiting higher frequencies desired for neuromor-
phic engineering.

5. Experimental Section
5.0.0.1. VO2 Film Synthesis and Characterization: Ultrathin 10 nm VO2

was grown on TiO2 (001) substrates by reactive oxide molecular-beam epi-
taxy using a Veeco GEN10 system. The 0.9% lattice mismatch between the
room temperature VO2 R phase and the TiO2 substrate resulted in com-
mensurate VO2 films with a shortened out-of-plane spacing. 2-terminal
devices that were 10 μm in width by 6 μm in length were fabricated using
standard lithographic techniques. Electrical contacts were patterned on
the VO2 surface using electron beam lithography to create a 20 nm-thick
Pd/80 nm-thick Au metal stack in the defined patterns by electron beam
evaporation, followed by lift-off. The active channel and device isolation
were then patterned by electron beam lithography followed by a CF4 dry
etch and residual e-beam resist was stripped with a 70 °C bath of Remover
1165. Finally, the sample was mounted on a ceramic package and device
electrodes were wire-bonded to external leads.

5.0.0.2. X-Ray Diffraction Microscopy: A sample with multiple 2-
terminal devices was mounted onto a computer-controlled 3-axis stage
and connected to a simple circuit with a series resistor to facilitate moni-
toring of the electric state of the VO2 channel. The voltage applied across
the circuit was low enough to allow for a dwell time before the onset of
the IMT to ensure the device returned to the insulating state after each
voltage pulse. The experiments conducted on the 2-ID-D beamline at APS
were performed using a pulsed 10.1 keV hard X-ray beam, with a pulse
duration of 100 ps and pulse spacing of 153 ns. The beam was focused
down to a sub-micron probe (250 nm spot size) using an Au Fresnel lens
(1.6 μm thick, 160 μm diameter, 100 nm outer zone width, and 40 μm cen-
ter disk) in conjunction with a 20 μm diameter order sorting aperture. The
sample temperature was maintained by a flowing nitrogen gas with a con-
trolled temperature over the sample. To collect sufficient XRD intensity of
the 10 nm VO2 films for 0.5 μs time steps across the IMT, the experiment
operated in a stroboscopic mode with thousands of exposures constitut-
ing a single time delay measurement. The VO2 M1 (402̄) peak position
was measured along the center of the 10 μm device width for a series of
time delays (“off”, 0, 0.5, 1, 2, 3, 4, and 6 μs) between the X-ray pulse and
the onset of the IMT to monitor the structural evolution. The time delay
series was chosen to monitor the structural response of the film during
and after the electrical changes associated with the IMT.

The diffracted X-ray intensity was captured using a Pilatus 100 K de-
tector with a pixel pitch of 172 um and a size of 487 pixels by 195 pixels.
The dynamic range of the detector was set to 20 bits. The detector was
placed 0.837 m from the sample, giving the acceptance angle of 0.012°

(or 0.21 mrad). The Pilatus was set to integrate 0.5 μs intervals at differ-
ent time delays with respect to the voltage drop across the series resistor
monitored by an oscilloscope. A stroboscopic measurement of ≈10 kHz
triggering events was performed for each time delay to build up enough
signal intensity to reach desired signal-to-noise ratios. It was estimated
that over the duration of the full experiment, the device underwent over
10 million switching cycles. Spatial maps of the diffracted intensity were
collected by spatially scanning the sample through the X-ray probe using
computer-controlled stages. The step size for each of the spatial maps was
set to 750 nm or 3× the width of the probe spot size. Each of the spatial
scans were performed for fixed 𝜃/2𝜃 angles. Once the spatial scans were
completed the 𝜃/2𝜃 angle was adjusted and the spatial scan was repeated.
𝜃/2𝜃 step sizes of 0.05/0.1 degrees and 0.005/0.01 degrees were done for
VO2 and TiO2, respectively. The VO2 saw a larger 𝜃/2𝜃 step, sized to cap-
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ture the full-intensity distribution along qy orientation due to its 10 nm
thickness. Much finer step sizes in the TiO2 substrate were used to ob-
serve subtle changes in the highly confined Bragg rod. Analysis of the 3D
data sets (position z, 𝜃/2𝜃 or position x, time delay, Pilatus x, Pilatus y) was
done using a set of custom-written MatLab codes. The MatLab codes first
calculated the scattering vector for each pixel within the Pilatus, which was
then mapped to a reciprocal space vector. This was done for each of the
𝜃/2𝜃 angles within a scan and allowed for the recorded diffraction inten-
sity to be mapped to a particular location within reciprocal space. Using
the series of 𝜃/2𝜃 positions a full 3D reciprocal space maps of the VO2
M1 (402̄), VO2 R (002), and TiO2 (002) Bragg peaks were constructed.
Analysis of the two peaks observed in the VO2 RSM observed was done
by simultaneously fitting two 2D Gaussian profiles, from which the cen-
ter position of each fitted peak was extracted. Custom MatLab codes were
then used to create a picture of the statics of the intensity distribution to
create a picture of the spatial and temporal evolution of the VO2 films and
substrates in a readily readable manner.

While limited X-ray beamtime and signal-to-noise issues with some
peaks prevented additional measurements in this study, future spatially re-
solved measurements across the phase transition in thermal equilibrium
could clarify the difference with the electric field-driven IMT. The change
of (40 2̄) and (102) peak intensities in the M1 phase with spatial resolu-
tion could shed light on the vanadium dimers during the phase transition.
Due to the large integration times required for the VO2 film to acquire a
good signal-to-noise ratio (S/N) to interpret the VO2 data and resolve the
peak splitting, only three locations, P1-3 were collected in Figure 2; more
locations could be collected in the future.

5.0.0.3. Phase-Field Modeling: The estimation of the time of the tem-
perature increase over ΔT = 253 K was first explained. A simple situa-
tion capturing the essential features of the experimental setup was consid-
ered: a Lx = 10 μm long (along the electric field), Ly = 6 μm wide, and
Lz = 10 μm thick VO2 sample was actively cooled by liquid nitrogen only
through its top surface. Adopting the convection heat transfer coefficient
of liquid nitrogen to be h = 5 × 104 Wm-2K-1, the time for this tempera-
ture increase using the heat equation and Newton’s law of cooling could be
estimated,[29] Δt = − (LzCv/h)ln [1 − hLxLyΔT/(UI)] = 108 μs, where
Cv is the heat capacity per unit volume (see Supporting Information), and
U = 0.9 V and I = 5.1 mA are respectively the voltage and current in the
metallic phase. Here the macroscopic model is briefly introduced while the
detail of the model is described in Supporting Information. The model is
based on a previously established phase-field model of VO2,[46–48] which
employed a set of structural order parameters 𝜂i(r, t) (i = 1, 2, 3, 4) and a
set of electronic order parameters 𝜓i(r, t) (i = 1, 2, 3, 4) to explicitly char-
acterize the structural phases and the insulator/metal phases, respectively.
Here r is the spatial coordinate and t is the time. The established model
also includes the distribution of the free electrons n(r, t) and that of the
free holes p(r, t) to describe the collective influence of the excess free car-
riers on the correlated electronic structure. Oxygen vacancies both in the
film and the substrate were considered in this study. This was motivated
both by the large changes in the variance of the Bragg peaks, the counter-
intuitive out-of-plane expansion instead of contraction observed in both
the film and the substrate, as well as previous studies that had indicated
a key role of oxygen vacancies migrating in and out of VO2 in modulat-
ing the lattice structure.[33,49–57,25,58,59] Unlike previous studies, the au-
thors specifically consider two ionization states of the oxygen vacancies,
the state losing two electrons V⋅⋅

O and the neutral state V×
O, and the de-

fect strains [V⋅⋅
O]Λ and [V×

O]Λ′ generated by oxygen vacancies, which were
assumed to be isotropic and volumetric. Here [V⋅⋅

O] and [V×
O] are defect

concentrations and Λ and Λ′ were their respective compositional strain
coefficients of oxygen vacancies. Λ > Λ′ was expected because of the
greater Coulombic repulsion between an ionized oxygen vacancy and its
neighboring cations as compared with the same interaction for a neutral
oxygen vacancy. The dynamic chemical reactions between both types of
oxygen vacancies and free electrons and holes were incorporated in the
spatiotemporal evolution of the two types of oxygen vacancies. Such a
complex and highly nonlinear system of partial differential equations was
solved using the finite element method. To reduce the computational cost,
a VO2/TiO2 system that was homogeneous in the x direction and model

the temporal and spatial evolution of phases and oxygen vacancies as well
as stress/strain and electric potential fields in the cross-section of the y–
z plane was considered. A small cross-section consisting of a 2 nm thick
VO2 film, a 10 nm thick TiO2 substrate, and two 1 nm thick gold electrodes
was set up. The length of the film and substrate was set to 20 nm, and the
length of the two electrodes was set to 7 nm. Appropriate boundary con-
ditions were chosen, and all the assumed parameters are shown in Table
S1 (Supporting Information).24,44-47,60-65 While the simulation size of the
device was much smaller than the actual device dimensions (10 nm thick
and several micrometers long), it was found that the essential physical fea-
tures observed in the experiments could be captured with this simulation
system.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1:  Electrical resistivity vs temperature measurements of a 2-terminal device within 

the fabricated array of devices.  Shown are both the Insulator-to-Metal (heating) transition at 

290 K and the Metal-to-Insulator (cooling) transition at 286 K. 
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Figure S2: Schematic of the patterned 2-terminal VO2 devices with isolation etches.  These 

samples were mounted onto a modified chip carrier for use in the synchrotron x-ray beam. 
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Figure S3: a. Crystal structures of the M1 and R phase of VO2 with the lattice plane spacing 

probed by the x-ray.  b. Measured θ/2θ sweeps of the M1 (402$) (blue) and R (002) (red) 

Bragg peaks taken from the VO2 films far away from devices at 245 K and 295 K, 

respectively. 
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Figure S4. 2D spatial mapping of the changes in the diffracted x-ray from the TiO2 (002) Bragg 

peak across the electronically driven insulator to metal transition (IMT).  The top row shows 

the emergence of the tails in the diffraction intensity at the onset of the IMT that then decay 

over the next 6 µs.  The statical changes in the intensity distribution are plotted across the entire 

device and under the electrode region, showing a strong correlation to the elastodynamics 

observed in the VO2 2-terminal device channel shown in Figure 1. 
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Figure S5.  Changes in the Intensity Distribution of the VO2 M1 (40-2) peak across the 

IMT:  Changes in the projection of the reconstructed 3D reciprocal space map in the qy,z plane 

for three different VO2 channel positions (P1 = -3 µm, P2 = 0 µm, and P3 = 3 µm) for the time 

delays 0 µs, 1 μs, and 6 µs from the “off state.”  The centroid of the monoclinic M1 peak is 

indicated by the green dashed lines.  
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Figure S6:  a. Reconstructed reciprocal space map projections in qy and qz for the VO2 M1 (402$) 

film peak for multiple positions across the 6μm height of the 2-terminal device at the time delays 

“off”, 0 μs, 0.5 μs, 1 μs, 2 μs, 3 μs, 4 μs, and 6 μs with respect to the electronically driven IMT.  

b θ/2θ and rocking curve (Δω) scans performed across the VO2 M1 (402$) peak as a function of 

position across the 6 μm width of the channel and delay time.  P1, P2, and P3 are at the same 

location as shown in Figure 2 in the main text.  The edges of the VO2 2-terminal channel are 

shown by P1 and P3. 
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Figure S7:  Reciprocal space map projections in 𝑞! , 𝑞" plane for the TiO2 R (002) substrate 

peak for multiple positions across the 6 μm width of the 2-terminal device at the time delays 

“off”, 0 μs, 0.5 μs, 1 μs, 2 μs, 3 μs, 4 μs, and 6 μs with respect to the electronically driven IMT. 
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Figure S8: Temperature snapshots obtained by the phase-field modeling for the same process 

as in Figure 4 in the main text. Panels from left to right are at the “off” state, 0 µs, and 14.1 

µs, respectively. Dashed horizontal lines mark the VO2/TiO2 interface with VO2 being at the 

top and TiO2 at the bottom. Note that the temperature spikes beyond 400 K after the IMT, 

because of a large current density arising from the particular system size and ambient cooling 

rate different from the experiment. 
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1. Phase-field model of VO2 in the presence of oxygen vacancies 

We shall incorporate the oxygen vacancies into the phase-field model of VO2. The previously 

formulated phase-field model of VO2 employed a set of structural order parameters 

𝜂#(𝒓, 𝑡)	(𝑖 = 1,2,3,4)  and a set of electronic order parameters 𝜓#(𝒓, 𝑡)	(𝑖 = 1,2,3,4)  to 

explicitly characterize the structural phases and the insulator/metal phases, respectively, where 

𝒓 is the spatial coordinate and 𝑡 is the time. It also included the distribution of the free electrons 

𝑛(𝒓, 𝑡) and that of the free holes 𝑝(𝒓, 𝑡) to describe the collective influence of the excess free 

carriers on the correlated electronic structure. The model free energy is of the form, 

𝐹 = ∫ 6𝑓$(𝑇; {𝜂#}, {𝜓#}) + 𝑓%&(𝑇; {𝜓#}, 𝑛, 𝑝) +
'
(
𝜅' ∑ (∇𝜂#)(# + '

(
𝜅( ∑ (∇𝜓#)(# @ 𝑑)𝑟,        (S1) 

where 𝑇 = 𝑇(𝒓, 𝑡)  is the temperature. 𝑓$ and 𝑓%&  are the bulk free energy density and free 

energy density of free carriers, respectively. The last two terms of the integrand are the gradient 

energy density accounting for the domain wall energies, with 𝜅'  and 𝜅(  being positive 

constants. The equations of evolution for the order parameters and values of the parameters can 

be found in Refs [46,47],[48]. Here we improve the model by reformulating the electronic energy 

gap as a function of the electronic order parameters, 

𝐸*({𝜓#}) =
('+!"#

(,
D1 − '

'-(,.∑ 0$
%&

$'# 1
%F,        (S2) 

where 𝐸*2' is the energy gap of the insulating M1 phase. This formula yields a zero gap for the 

metallic phase and a nearly constant gap for the insulating phase as the temperature varies. Since 

in this case we only deal with a single variant of the two monoclinic phases M1 and M2, we can 

only take account of the first variant of both the monoclinic phases (𝜂( = 𝜂3 = 𝜓( = 𝜓3 = 0) 

and solve for 𝜂', 𝜂), 𝜓', and 𝜓). 

 

We consider two electronic states of oxygen vacancies, the ionized state (losing two electrons) 

𝑉4⋅⋅ and the neutral state 𝑉4×. We first write down the internal energy density (excluding the 

elastic energy density) of the oxygen vacancies, 
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𝑓#789 = 𝐸:([𝑉4⋅⋅] + [𝑉4×]) + 2𝜖;[𝑉4×] + 2𝑒[𝑉4⋅⋅]𝜙,       (S3) 

where 𝐸: is the formation energy of an ionized oxygen vacancy and 𝜖; is the defect electronic 

level. 𝑒 is the (positive) elementary charge and 𝜙 is the electric potential. We then write the 

elastic energy density approximating the elastic system to be isotropic, 

𝑓%<89 =
'
(

=>
('-=)('A(=)

(∑ 𝜖<̃<)
<B' )( + >

(('-=)
∑ 𝜖C̃<()
C,<B'       (S4) 

where 𝑌 is the Young’s modulus and 𝜈 is the Poisson’s ratio. The elastic strain tensor is 

𝜖C̃< = 𝜖C< − 𝜖C<, ({𝜂#}, {𝜓#}) − ([𝑉4⋅⋅]Λ + [𝑉4×]ΛE)𝛿C< ,      (S5) 

where 𝜖C< is the total strain, 𝜖C<,  is the eigenstrain arising from different structural phases, and 

the last term is the defect strain of the oxygen vacancies, which we assume to be isotropic and 

volumetric. Λ  and ΛE  are the defect strain coefficients of the ionized and neutral oxygen 

vacancies, respectively, and it is expected that Λ > ΛE  because of the stronger Coulomb 

repulsion between an ionized oxygen vacancy and its neighboring cations, as compared to its 

absence for a neutral oxygen vacancy. 

 

We then write the entropy density, 

𝑠89 = −𝑘F 	 U[𝑉4×] ln
GH(
×I

J(
* + [𝑉4∙∙] ln

[H(
∙∙]

J(
* + (𝑁4, − [𝑉4∙∙] − [𝑉4×]) ln Y1 −

[H(
∙∙]-GH(

×I
J(
* Z[,  (S6) 

where 𝑘F is Boltzmann constant and 𝑁4, = 2 f.u.-1 is the density of states of oxygen vacancies. 

One can obtain this formula by first distributing [𝑉4∙∙] + [𝑉4×] ionized oxygen vacancies onto 𝑁4, 

states and then distributing [𝑉4×] pairs of electrons on the ionized oxygen vacancy sites.  

 

The Helmholtz free energy of oxygen vacancies is 

𝐹89 = ∫ \𝑓#789 + 𝑓%<89 − 𝑇𝑠89 +
'
(
𝜅89[(∇[𝑉4⋅⋅])( + (∇[𝑉4×])(]] 𝑑)𝑟,     (S7) 
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where the last term of the integrand is the gradient energy density with 𝜅89 being a positive 

constant. The total free energy is then 𝐹N = 𝐹 + 𝐹89. We can then obtain the chemical potentials 

of the ionized and neutral oxygen vacancies, 

𝜇H(∙∙ =
OP,
OGH(

⋅⋅I
= 𝐸: + 2𝑒𝜙 −

>Q
'A(=

∑ 𝜖<̃<)
<B' + 𝑘F𝑇 ln

[H(
∙∙]

J(
*AGH(

∙∙IAGH(
×I
− 𝜅89∇([𝑉4⋅⋅],                  (S8a) 

𝜇H(× =
OP,
OGH(

×I
= 𝐸: + 2𝜖; −

>Q.

'A(=
∑ 𝜖<̃<)
<B' + 𝑘F𝑇 ln

GH(
×I

J(
*AGH(

∙∙IAGH(
×I
− 𝜅89∇([𝑉4×].           (S8b) 

 

We shall take account of the dynamic reaction of oxygen vacancies and free electrons and holes. 

The reaction equations are: 

𝑉4∙∙ + 2𝑒E ↔ 𝑉4×,                    (S9a) 

𝑉4× + 2ℎ∙ ↔ 𝑉4∙∙,                   (S9b) 

and the corresponding chemical equilibrium constants respectively are: 

𝐾 =
[H(
∙∙]/07/0%

GH(
×I/0

,                   (S10a) 

𝐾E =
GH(
×I/0R/0

%

GH(
∙∙I/0

,                  (S10b) 

where the subscript “eq” indicates equilibrium. These constants are independent of the initial 

concentrations. To obtain these equilibrium concentrations, we consider the homogeneous and 

charge neutral case, so that the equilibrium conditions are, 

𝜇H(∙∙
%S + 2𝜇%

%S = 𝜇H(×
%S ,                 (S11a) 

𝑛%S = 𝑝%S + 2[𝑉4∙∙]%S ,                  (S11b) 

where the first equation is the equilibrium condition for the chemical reaction (𝜇%
%S  is the 

equilibrium chemical potential of free electrons) and the second equation is just the charge 

neutrality condition. Using the equilibrium conditions along with Eqs. (S8a) and (S8b), we then 

obtain: 

[𝑉4⋅⋅]%S =
7/0AR/0

(
,                  (S12a) 
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[𝑉4×]%S = [𝑉4∙∙]%S exp f
(T/

/0A(U1-(%VA
23454.6
#5%7

∑ UW889
8'#

C:X
g.              (S12b) 

The equilibrium chemical potential of free electrons, 𝜇%
%S , determines the equilibrium oxygen 

vacancy concentration in the system. We set 𝜇%
%S = 0.08 eV (measured from the midpoint of 

the gap). 

 

The diffusion-reaction equations for free electrons and holes and oxygen vacancies are: 

Y7
YN
= −∇ ⋅ 𝒋% + 𝛼%&l𝑛%S𝑝%S − 𝑛𝑝m + 2𝛼(𝐾[𝑉4×] − [𝑉4∙∙]𝑛(),	    (S13a) 

YR
YN
= −∇ ⋅ 𝒋& + 𝛼%&l𝑛%S𝑝%S − 𝑛𝑝m + 2𝛼E(𝐾E[𝑉4⋅⋅] − [𝑉4×]𝑝(),    (S13b) 

Y[H(
∙∙]

YN
= ∇ ⋅ \2[H(

∙∙]
(%

∇𝜇H(∙∙] + 𝛼(𝐾[𝑉4
×] − [𝑉4∙∙]𝑛() − 𝛼E(𝐾E[𝑉4⋅⋅] − [𝑉4×]𝑝(),  (S13c) 

YGH(
×I

YN
= ∇ ⋅ \2GH(

×I
(%

∇𝜇H(×] − 𝛼(𝐾[𝑉4
×] − [𝑉4∙∙]𝑛() + 𝛼E(𝐾E[𝑉4⋅⋅] − [𝑉4×]𝑝(),  (S13d) 

where 𝒋% = −2/7
%
∇ OP,
O7

 and 𝒋& = −2;R
%
∇ OP,
O7

 are the number current densities of free electrons 

and free holes, respectively. 𝑀%, 𝑀&, and 𝑀 are the mobility tensor of free electrons, free holes, 

and oxygen vacancies, respectively. 𝛼%& , 𝛼, and 𝛼E are positive constants characterizing the 

reaction rates. We consider 𝑀%, 𝑀&, and 𝑀	 to be diagonal and have components 𝑀%
Z([), 𝑀&

Z([), 

and 𝑀Z([)along the rutile 𝑎(𝑐) direction, respectively. 

 

The electrical potential obeys the Gauss’s law, 

−𝜖𝜖,∇(𝜙 = 𝑒(2[𝑉4∙∙] + 𝑝 − 𝑛),        (S14) 

where 𝜖 is the relative permittivity of the insulating M1 phase and 𝜖,  is the permittivity of 

vacuum.  

 

The heat equation governing the evolution of the temperature is: 
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Y(\<X-])
YN

= ∇ ⋅ (𝛽∇𝑇) +
%^._/=A_;

=1%-._/>A_;
>1
%
`

2/?7-2;
?R

+ %._/
@A_;

@1
%

2/A7-2;
AR
,     (S15) 

where 𝐶9  is the heat capacity per unit volume of the metallic R phase and 𝛽 is the thermal 

conductivity. 𝑢 = 𝑓$ − 𝑇 \
Y:B
YX
]
a,0

 is the internal-energy density arising from 𝑓$ (referenced to 

the metallic R phase), so that 𝐶9𝑇 + 𝑢 constitutes the total internal-energy density. It accounts 

for the latent heat of the first-order phase transition. The last two terms on the right-hand side 

of the equation are Joule heating power. The force balance equation determining the strain is, 

=
'A(=

∑ 𝜕<𝜖C̃C)
CB' + ∑ 𝜕C𝜖<̃C)

CB' = 0	(𝑙 = 1,2,3),     (S16) 

where 𝜕< means partial derivative along 𝑙th coordinate (ordered as the 𝑥, 𝑦, and 𝑧 coordinate). 

The coupled equations of evolution that describe the insulator-metal transition in VO2 with 

oxygen vacancies are finally Allen-Cahn equations for the order parameters[46] and Eqs. (S13-

16). 

 

In solving such a complex and highly nonlinear system of partial differential equations using 

the finite element method, we find that only the fully implicit and fully coupled algorithm with 

a direct linear solver is stable. Since the memory required and computer time consumed by this 

numerical algorithm increase fast with the mesh grid size, we shall minimize the size of the 

system used in the simulations. We consider the VO2/TiO2 system to be homogeneous in the 𝑥 

direction and thus we can investigate only the cross section in the 𝑦-𝑧 plane. We setup a small 

cross section consisting of a 2-nm thick VO2 film, a 10-nm thick TiO2 substrate, and two 1-nm 

thick gold electrodes. The length of the film and substrate is set to 20 nm and the length of the 

two electrodes is set to 7 nm. We use a long width along the 𝑥 coordinate, 𝑊 = 500	nm, so it 

is suitable to adopt the plane strain approximation for Eq. (S16). 
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Given the geometry of the system, we shall specify boundary conditions for the equations of 

evolution. The domain of Allen-Cahn equations for the order parameters is within the VO2 film 

and the domain of Eqs. (S13-15) is within the VO2 film and TiO2 substrate, while the domain 

of Eq. (S16) is the whole system (including electrodes). The boundary conditions for the order 

parameters are 

Ya$
Yb

= 'Aa$
ℓ
	(𝑖 = 1,3),                 (S17a) 

Y0$
Yb

= A'A0$
ℓ

	(𝑖 = 1,3),                 (S17b) 

where 𝑚}  is the unit vector on the boundaries pointing outwards. ℓ is a characteristic thickness. 

These boundary conditions correspond to the interfacial interactions between the order 

parameters and the insulating surroundings. The boundary conditions for Eqs. (S13a, b) at the 

electrodes are Ohmic contacts, i.e., the quasi-chemical potentials of free electrons and holes at 

the electrodes are at equilibrium, which means that 𝑛 and 𝑝 have the equilibrium values at the 

electrodes. On other parts of the boundaries, the component of the electron and hole currents 

normal to the boundaries is set to zero (Neumann boundary condition).   

 

The boundary conditions for Eqs. (S13c, d) on all boundaries are simply Neumann boundary 

condition with zero component of the currents normal to the boundaries. The boundary 

condition for Eq. (S14) at the negative electrode is Dirichlet boundary condition with zero 

voltage, i.e., the negative electrode is connected to ground. The positive electrode is connected 

to a voltage source 𝑉Z  through a protecting series resistor 𝑅d . The corresponding boundary 

condition is a nonstandard integral boundary condition arising from Kirchhoff’s law, 

𝜙 − ∫ 𝑒l𝑗&
! − 𝑗%

!m𝑊𝑑𝑧- = 𝑉Z ,                 (S18) 

where “+” represents the integration over the interface between the VO2 film and the positive 

electrode. Note the negative sign in front of the integral because the current flows into the film 

in the −𝑦� direction. 
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The boundary conditions for Eq. (S15) at the top and bottom surfaces are Newton’s cooling 

law, 

𝛽 YX
Yb

= ℎ(𝑇Z − 𝑇),                  (S19) 

where ℎ is the heat transfer coefficient and 𝑇Z = 245 K is the ambient temperature. The sides 

of the system are assumed thermally insulating. The boundary condition for Eq. (S16) on the 

bottom is zero displacement, i.e., the bottom of the TiO2 substrate is clamped. Other boundaries 

are mechanically free, i.e., the force on these boundaries is zero. The values of all the parameters 

used in the simulations are listed in Table S1. Explanations are given in the caption. The period 

of the current pulse is set to 500 ns, and the times displayed after the simulations have been 

rescaled in concert with rescaling this period to the experimental pulse period of 100 µs. 

 

Table S1.  Parameter values used in the simulations. 𝐸*2' is the effective energy gap fitted to 

the experimentally observed resistance on/off ratio of about 171. Upon the IMT, the conduction 

and valence bands of VO2 close symmetrically to the midpoint of the gap[60] so they are both 

halves of the gap away from the midpoint of the gap in the M1 phase. 𝐸[ (TiO2) and 𝐸9 (TiO2) 

are the conduction band bottom and valence band top of TiO2 (measured from the midpoint of 

the VO2 gap), respectively. We could not make the simulations converge for the actual value of 

the TiO2 gap. We could only use a smaller gap for TiO2 but keep the correct ratio of the 

conduction band bottom to the valence band top[61].  However, this is not expected to alter the 

qualitative features of the simulation results. 𝐸: of VO2 is taken from Ref [62] and 𝐸: of TiO2 is 

higher than that of VO2 by about 1.2 eV [24].  They smoothly transition into each other at the 

VO2/TiO2 interface in a form of tan(𝑦) function with a transition thickness of 0.5 nm. The 

oxygen vacancy defect level in VO2 from density-functional theory calculations[62],[63] ranges 

from −0.25𝐸e
f# to 0.42𝐸e

f# (measured from the midpoint of the gap) depending on the sites 
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and strain, so we just choose a value in this range for 𝜖g (also measured from the midpoint of 

the gap). We use the same 𝜖; for TiO2. The Young’s modulus and Poisson’s ration for VO2 are 

taken from Ref. [64]. We estimate Λ and ΛE of VO2 from the lattice constants reported in Refs. 

[44],[45]  and use the same Λ  and ΛE  for TiO2. 𝛼hi  is calculated by the formula 𝛼hi =

�l𝑛hjk + 𝑝hjk m𝜏hi�
A' where 𝑛hjk  and 𝑝hjk  are the equilibrium electron and hole densities at 𝑇k −

0 and 𝜏hi ≈ 10 µs is the lifetime of free electron-hole pairs. Similarly, we calculate 𝛼 and 𝛼E 

by 𝛼 = l𝑛hjk
(𝜏m

A'
 and 𝛼E = l𝑝hjk

(𝜏m
A'

 where 𝜏 is the lifetime of oxygen vacancies regarding 

the redox process and is set to a typical value 10 ns. The mobilities of free electrons and holes 

and the relative permittivity are taken from Ref[46]. The mobility of oxygen vacancies is set to 

a typical small value, which is on the larger side of the spectrum for typical oxygen vacancy 

mobilities. With this, oxygen vacancies still hardly move during the IMT seen in the 

simulations, so their diffusion[65] is not very relevant. The heat capacity and thermal 

conductivity are taken from Ref[47]. 

𝑬𝒈𝑴𝟏 𝑬𝒄 (TiO2) 𝑬𝒗 (TiO2) 𝑬𝒇 (VO2) 𝑬𝒇 (TiO2) 𝝐𝒅 𝒀 (VO2) 

0.39 eV 0.19 eV -0.27 eV 3.6 eV 4.8 eV 0.080 eV 140 GPa 

𝝂 (VO2) 𝒀 (TiO2) 𝝂 (TiO2) 𝚲 𝚲( 𝜿𝒐𝒗 𝜶𝒆𝒉 

0.30 230 GPa 0.27 20 Å3 10 Å3 3.0 eV nm5 7.1 × 10,- 

ns-1nm-3 

𝜶 𝜶( 𝑴𝒆
𝒄  𝑴𝒆

𝒂 𝑴𝒉
𝒄  𝑴𝒉

𝒂 𝑴𝒂 

5.1 × 10,/ 

ns-1nm-3 

2.9 × 100 

ns-1nm-3 

0.50 cm2 V-

1s-1 

0.25 cm2 V-

1s-1 

0.42 cm2 V-

1s-1 

0.21 cm2 V-

1s-1 

2.7 × 10,1 

cm2 V-1s-1 

𝑴𝒄 𝝐 𝑪𝒗 𝜷 𝓵 𝒉  

9.6 × 10,- 

cm2V-1s-1 

60 3.0 × 101 

JK-1m-3 

6.0 Wm-1K-

1 

100 nm 1 × 101  W 

m-2 K-1 
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2. Band diagram 

An observation to note in the simulation is the dominance of holes over electrons in the middle 

part of the VO2 film after the IMT, Figure S9. This results directly from the electric potential 

that turns out to be negative (compared to the grounded negative electrode) in the interior of the 

VO2 film. The electric potential is positive only near the positive electrode. This distribution of 

the electric potential is shaped by the distribution of charges including positively charged 

ionized oxygen vacancies and excess free electrons released from them. 

 

The TiO2 substrate is found to have no qualitative influence on the abrupt lattice expansion 

during the IMT observed in the simulation. We have simulated the voltage driven IMT in a 

single VO2 film in the presence of oxygen vacancies and still observed the abrupt expansion. 

This is of no surprise because the abrupt expansion is attributed to the IMT-promoted ionization 

of oxygen vacancies within the VO2 film, and it could not arise from the slow oxygen vacancy 

migration from the TiO2 substrate to the VO2 film. The TiO2 substrate nonetheless receives a 

small number of electrons from the VO2 film, which is indicated by the slightly downward band 

bending in the TiO2 substrate near the VO2/TiO2 interface, Figure S9. 

 

 

Figure S9:  Band diagrams, along the middle cut line in the 𝑦 direction, of the valence band 

(𝐸9), conduction band (𝐸[), quasi-chemical potential of electrons (𝜇%), quasi-chemical 
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potential of holes (𝜇&), and defect electron-energy level of oxygen vacancies (𝜖;), with the 

blue and orange shades indicating filling of holes and electrons, respectively. 

 

3. IMT in the absence of oxygen vacancies 

In this simulation, no oxygen vacancies are introduced into either the VO2 film and the TiO2 

substrate. A voltage of 0.3 V is applied to trigger the IMT. Other parameters are the same as 

those used for Figure 4. The result is shown in Figure S10. The VO2 film shrinks in the out-

of-plane direction during (𝜖!! at 0 µs) and after (𝜖!! at 14.1 µs) the IMT, in contrast to the 

transient swelling in the presence of oxygen vacancies as shown in Figure 4. 

 

 

Figure S10: Snapshots of the various fields for the voltage triggered IMT in the absence of 
oxygen vacancies. 0 µs is the time of the onset of the IMT. 
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4. Thermally triggered IMT 

In the simulation of the thermally triggered IMT, we set the voltage to zero, and raise the 

ambient temperature from 245 K to 380 K at -3.4 µs and maintain it at 380 K. Other parameters 

are the same as those used for Figure 4. The result is shown in Figure S11. The VO2 film 

suddenly swells at the onset of the IMT (𝜖!! at 0 µs) and still swells long after the IMT (𝜖!! at 

23.7 µs). The reason is that the oxygen vacancies ionizing at the onset of the IMT ([𝑉4⋅⋅] at 0 µs) 

remain ionized after the IMT ([𝑉4⋅⋅] at 23.7 µs), since there are no extra electrons injected from 

the electrode to recombine with the ionized oxygen vacancies. 
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Figure S11: Snapshots of the various fields for the thermally triggered IMT. 0 µs is the time of 
the onset of the IMT. 
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