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Domain nucleation across the metal-insulator transition of self-strained V,0; films
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Bulk V,0j5 features concomitant metal-insulator (MIT) and structural (SPT) phase transitions at 7c ~ 160 K.
In thin films, where the substrate clamping can impose geometrical restrictions on the SPT, the epitaxial relation
between the V,0; film and substrate can have a profound effect on the MIT. Here, we present a detailed
characterization of domain nucleation and growth across the MIT in (001)-oriented V,0;5 films grown on
sapphire. By combining scanning electron transmission microscopy and photoelectron emission microscopy
(PEEM), we imaged the MIT with planar and vertical resolution. We observed that upon cooling, insulating
domains nucleate at the top of the film, where strain is lowest, and expand downwards and laterally. This growth
is arrested at a critical thickness of 50 nm from the substrate interface, leaving a persistent bottom metallic
layer. As a result, the MIT cannot take place in the interior of films below this critical thickness. However,
PEEM measurements revealed that insulating domains can still form on a very thin superficial layer at the
top interface. Our results demonstrate the intricate spatial complexity of the MIT in clamped V,03, especially
the strain-induced large variations along the ¢ axis. Engineering the thickness-dependent MIT can provide an
unconventional way to build out-of-plane geometry devices by using the persistent bottom metal layer as a

native electrode.

DOI: 10.1103/PhysRevMaterials.8.035003

I. INTRODUCTION

Metal-insulator transitions (MITs) have recently expe-
rienced renewed interest. The large changes in electrical,
optical, and structural-mechanical properties associated with
the MIT have made them attractive for applications in
novel technologies such as passive cooling [1], neuromor-
phic computing [2-5], resistive switching [6-9], probabilistic
computing [10,11], optoelectronics [12], and micromechan-
ical oscillators [13] and actuators [14,15]. In addition, the
unresolved debate about the role played by the electronic and
lattice degrees of freedom across the MIT keeps drawing the
attention of a large community in condensed-matter physics
[16-26].

Among the many materials featuring a MIT, V,0; is con-
sidered a paradigmatic example. Undoped, unstrained bulk
V,0;5 features a MIT at around 160 K, across which the
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resistivity changes over six orders of magnitude [27,28]. The
MIT is concomitant with a structural phase transition (SPT)
between the high-temperature corundum and low-temperature
monoclinic structures [Fig. 1(a)] [29]. The corundum metallic
phase has a hexagonal unit cell. Across the SPT, the corun-
dum c-lattice parameter shortens (—0.36%), the c-plane area
expands (+1.29%), and the c axis tilts slightly, i.e., the angle
between the a and ¢ axes becomes less than 90°. This mon-
oclinic tilt can happen along three equivalent directions, and
therefore three monoclinic twins are possible.

In thin films, V,0;3 can be strained and confined laterally
by the substrate. This puts constraints on the SPT, which can
no longer take place freely. Because of the SPT, the nucleation
of insulating—metallic domains within the film results in com-
pressive strain being applied to the neighboring areas, which
can either promote or hinder the MIT in those areas [30].
When insulating domains nucleate, they usually arrange in
an alternating pattern that minimizes strain [9,22,23]. Domain
self-organization due to strain accommodation is not unique
to V,03 and is often observed in multiple systems featuring
a SPT, such as VO, [14,31-33], rare-earth nickelates [34,35],
manganites [36], and FeRh [37].

The case of V,0; is especially striking given the big
change in lattice constants, which is largest on the base of the
hexagonal unit cell [29]. In 001-oriented V,0O3 films, that base

©2024 American Physical Society
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FIG. 1. (a) Schematic representation of the V,0; unit cell in the corundum and monoclinic phases. (b) X-ray reflectivity of four (001)-
oriented V,0; films grown on (001)-oriented sapphire, with thicknesses ranging between 18 and 300 nm. Measurements were done at room
temperature. (c) 0-26 scans around the 006 peaks of the V,0; films and the sapphire substrates. The vertical dashed line shows the position
of the (006) peak for relaxed bulk V,03;. Measurements were done at room temperature. (d) Two-point resistance vs temperature for the four
V,0:; films. (e) Resistance normalized by the film’s resistance at 300 K, to better compare the MIT suppression.

is parallel to the plane, and is therefore confined in size by the
substrate. As a result, the film cannot expand, and the MIT
is strongly suppressed. The observed degree of suppression
can range from an incomplete film transformation across the
MIT to a full suppression of the insulating state and persisting
metallic phase down to 0 K.

The intense self-strain that develops during domain nu-
cleation provides an unconventional platform to study the
pressure-temperature phase diagram, with access to both
positive- and negative-pressure regimes, and can stabilize
novel phases without any external driving force [30,38]. For
instance, it was recently shown that the paramagnetic insulator
phase in pure V,03, not stable at room pressure, can be stabi-
lized in thin films by imposing strain on the (100) corundum
plane [38]. Furthermore, epitaxy-induced structural locking
has been proposed to decouple the MIT from the SPT. Several
works have reported such decoupling in related compound
VO, [16,39] and, more recently, also in (001)-oriented V,03
[40,41].

Direct visualization of how domains nucleate and grow
is key for understanding and exploiting the complex phase

diagram of these highly correlated systems. Planar (top-view)
imaging of the transition has been thoroughly reported us-
ing different probes [23,42]. These techniques, however, only
offer a partial description since they are not sensitive to vari-
ations along the film thickness. A complete picture requires
cross-sectional imaging that shows the phase-transition extent
across the thickness of the film.

In this work we provide a complete picture of domain
nucleation and growth in strongly self-strained, (001)-oriented
V,0; films. We combined two techniques that allowed us to
capture planar as well as transversal snapshots of the MIT:
photoelectron emission microscopy (PEEM) and scanning
electron transmission microscopy (STEM). We observed that
insulating domains first nucleate at the surface of the film
where strain is lowest and grow downwards and laterally
until they stop at around a critical thickness of 50 nm from
the substrate—film interface. The existence of a critical thick-
ness prevents thinner films from nucleating any insulating
phase withing their interior. PEEM imaging, however, re-
vealed a thin superficial layer on the film’s surface where the
MIT could take place, even for the thinnest films. Domain

035003-2



DOMAIN NUCLEATION ACROSS THE METAL-INSULATOR ...

PHYSICAL REVIEW MATERIALS 8, 035003 (2024)

formation here shows very different features compared to the
bulk of the film.

Our results offer a comprehensive spatially resolved pic-
ture of the MIT in strongly strained systems. This information
is fundamental for proper interpretation of macroscopic mea-
surements of the MIT properties, and for the strain and epitaxy
control and stabilization of electronic and structural phases.
On the practical level, engineering the thickness-dependent
MIT can simplify the fabrication of out-of-plane switching
devices, as the persistent metallic phase region below the
critical thickness can be potentially utilized as a native bottom
electrode, alleviating the need for conducting substrates or
conducting buffer layers.

II. GROWTH, TRANSPORT, AND X-RAY DIFFRACTION

V,0; films were epitaxially grown on top of c-cut (001)
sapphire (Al,O3) substrates using rf magnetron sputtering
from a stoichiometric V,0; target. Growth was done in an
8-mTorr Ar atmosphere with a substrate temperature of
700 °C. After growth, the samples were thermally quenched
at arate of around 90 °C/min. Four samples of different thick-
nesses were grown: 300, 100, 50, and 18 nm. Film thickness
was confirmed by x-ray reflectivity measurements [Fig. 1(b)].
Specular x-ray diffraction [XRD, Fig. 1(c)] shows that V,03
films are compressively strained by the underlying sub-
strate, the compression being larger for the thinner films, as
expected.

Figure 1(d) shows resistance vs temperature for all four
samples, while Fig. 1(e) shows resistance normalized to the
300 K resistance for each sample, so that transport properties
can be better compared. In all cases, the usually observed
five-to-seven orders of magnitude V,03; MIT is strongly
suppressed. The degree of suppression is dependent on the
film thickness, as reported before [30]: thinner films show
a smaller upturn in resistance, indicating a lower insulating
phase fraction in the low-temperature range.

The impact of film thickness on the monoclinic insula-
tor phase formation is further confirmed by low-temperature
XRD measurements. Figure 2 and Supplemental Material
[43], Fig. S1 show reciprocal-space maps in the vicinity of
the (119) and (006) Bragg peaks, respectively. Two samples
are shown: 300 and 50 nm. For each case, multiple tempera-
tures between 300 and 93 K are shown. For the thicker film,
the single corundum peak loses intensity and partially splits
into several peaks as the temperature is lowered. These peaks
correspond to the different monoclinic twins of the insulat-
ing phase. Therefore, as the temperature goes down, part of
the film transitions from corundum to monoclinic. Notice,
however, that the central corundum peak does not disappear,
retaining around 10% of its initial intensity, which indicates
that the structural transition and, consequently, the MIT are
incomplete. This explains the moderate resistance upturn in
Figs. 1(d) and 1(e) below the 7¢ ~ 160 K.

A very different scenario takes place for the 50-nm sample.
The single corundum peak remains at all temperatures, and
no sign of monoclinic phase can be detected in the reciprocal-
space maps. The corundum peak does, however, lose some
intensity at lower temperatures, as can be better seen in the
0-26 scans of Supplemental Material [43], Fig. S2. This
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FIG. 2. Reciprocal-space maps around the 119 direction for (a) a
300-nm film and (b) a 50-nm film. Several temperatures are shown.
Several twins are possible and visible for the monoclinic phase. No
twinning is observed in the corundum phase.

implies that at least some fraction of the corundum phase (~
20%) disappears as the temperature is lowered, even though
our x-ray-diffraction measurements were not able to detect
the formation of the monoclinic phase in the 50-nm films at
temperatures down to 93 K.

III. STEM MEASUREMENTS

To understand the spatial distribution of domain nucle-
ation, we performed Cryo-STEM measurements. Thin films
were sliced into 120-nm-thick lamellas by means of a focused
ion beam and were subsequently imaged using the LN2 Mel-
Build sample holder in a double aberration-corrected JEOL
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FIG. 3. Cryogenic STEM LAADF electron micrographs of the
300-nm-thick V,03 film from 180 to 99 K. Because LAADF imaging
in STEM is very sensitive to lattice distortion (largely diffraction
contrast), it is used here to reveal crystalline defects, grain bound-
aries, and thickness variation as well as to dissociate the corundum
and the monoclinic crystal structure of V,03. The extended bright
and dark areas correspond to the monoclinic and the corundum
phases of the V,03; material, respectively.

ARM 200F cold FEG microscope, operating at 200 keV in
STEM mode (more details in the Supplemental Material [43]).

Figure 3 shows low-angle annular dark-field (LAADF) im-
ages of the 300-nm V,0;3 film from 300 K down to 99 K.
This imaging mode is especially sensitive to local lattice
distortions such as those surrounding defects and grain bound-
aries. Columnar vertical film growth is readily observed at
all temperatures, giving weak contrast variations. Monoclinic
areas give a much stronger contrast due to the large lattice
orientation difference, and start being visible at 165 K and
below.

Nucleation starts from the top and expands downwards
and laterally. The insulating phase does not grow following
a flat front; instead, it expands following randomly distributed
columnar growth defects. This makes it hard to reproduce the
R vs T curves in Fig. 1(d) using a resistor network model. The
monoclinic domain expansion slows down as the temperature

(©)-
V,0,

Al;04 180 K

FIG. 4. Four-dimensional STEM characterization of the V,0;
films at cryogenic temperature. (a) Locally averaged electron diffrac-
tion pattern in log scale recorded at 125 K from a monoclinic V,0;
region in the 300-nm-thick film (indexed using the corundum phase
notation). (b) Locally averaged electron diffraction pattern in log
scale recorded at 125 K from the 50-nm-thick V,0j3 film. (c¢) Inten-
sity map from the circled areas in (b) capturing the singularity from
the monoclinic phase in the 50-nm V,05 film, from 180 to 99 K.

approaches 100 K. Importantly, monoclinic domains never
reach the bottom substrate-film interface and stop their growth
around 50 nm from it, which sets the critical thickness of
the domain propagation depth inside the film. Supplemental
Material [43], Fig. S3 shows similar measurements for the
50-nm V,03 film, i.e., the film right at the critical thickness.
No monoclinic phase contrast is visible for any temperature
in the STEM imaging, which is in good agreement with XRD
measurements in Fig. 2(b).

To further confirm the nucleation of monoclinic domains
in the 300-nm-thick V,0s3 film and to verify the absence of
monoclinic regions in the interior of the 50-nm-thick film, we
used the four-dimensional (4D)-STEM method [44], which
allowed us to obtain local diffraction patterns with 5-nm spa-
tial resolution. Figure 4(a) shows one of such patterns taken
in a monoclinic domain of the 300-nm-thick film. Note that
in addition to the array of intense peaks, similar to the one
observed for the metallic corundum structure, weaker satellite
peaks are discernible in between. These are a hallmark of the
monoclinic distortions. Figure 4(b) shows a local diffraction
pattern of the 50-nm film, at 125 K. Extra monoclinic peaks
are completely missing, unambiguously ruling out the pres-
ence of the monoclinic phase. By repeating this diffraction
acquisition in every spot in the field of view it is possible
to construct the phase maps shown in Fig. 4(c), which plot
the intensity of the satellite peaks circled in Fig. 4(a). From
these maps, we can conclude that no monoclinic phase is
observed at any temperature in the interior of the 50-nm-thick
V203 film.

IV. STRAIN ANALYSIS

To understand why the monoclinic domains do not propa-
gate below the 50-nm critical distance from the film-substrate
interface, we used the 4D-STEM data to perform strain anal-
ysis (more information in the Supplemental Material [43]).
The obtained strain maps for the 300-nm film at 293 K are
shown in Fig. 5(a). E,, refers to strain along the horizontal
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FIG. 5. Strain characterization of the 300-nm-thick V,0; film at (a) 293 K and (b) 125 K. The different panels correspond to uniaxial
relative deformation maps (E,,, E;;) of the V,05 film, using the sapphire substrate as the reference. (c) Vertical E,, and E., profile lines,
integrated along the x axis. Both 293 and 125 K are shown. The vertical black dashed line shows where the interface between substrate and
film is. (d) Enlarged plot of the E,, components from (c). Compressive strain increases as the interface is approached. The green dotted line in
(c) and (d) marks the expected E,, for the unstrained bulk V,0; relative to the sapphire, as mentioned in the main text.

(in-plane) direction, while E,, refers to the vertical (out-of-
plane) direction.

It is important to note that strain values are calculated with
respect to the lattice parameters of the sapphire substrate,
not with respect to relaxed V,03. Both metallic V,03; and
sapphire have corundum structure, but V,03; has a larger
lattice parameter: 4.1% (7.8%) larger in plane (out of plane),
respectively, according to the literature’s bulk crystal structure
parameters [45,46]. Strain values in Fig. 5 are calculated with
respect to the substrate. This means that a measured E,, below
4.1% implies compressive strain, since the lattice parameter
would be below that of bulk V,03, while E,, above 4.1%
indicates tensile strain. Our calculated E,, is around 3.5% near
the substrate interface, so at that location V,03 is subject to a
strong in-plane compression.

A clear vertical dependence for E,, can be identified:
compressive strain is strongest near the film-substrate inter-
face and slowly decreases along the z direction. This implies
that V,03 is compressed along the in-plane direction due

to the sapphire substrate clamping, but the film relaxes with
increasing thickness, probably due to the proliferation of de-
fects. As expected from the Poisson effect, E,, follows the
opposite behavior, being higher near the substrate and de-
creasing towards the top of the film. These trends are present
at different temperatures [Figs. 5(a) and 5(b)] and can be
better appreciated in the vertical line profiles of Fig. 5(c).
The E,, vertical gradient leaves a clear imprint in the XRD
measurements: thicker films show asymmetric 006 peaks.

It is possible to estimate the magnitude of compressive
forces near the bottom interface and check whether these
forces are strong enough to completely frustrate the MIT. The
monoclinic insulating phase in bulk V,03 is suppressed at
hydrostatic pressures above 20 kbar [47]. Figure 5(d) shows
a detailed vertical profile of E,, in our films. Approaching
the film—substrate interface, E,, sharply drops to values below
3.5%, which, compared to the crystal lattice of bulk V,0s3,
indicates that the film develops a compressive strain of ap-
proximately —0.6%. Taking the V,03; Young’s modulus to
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be 150 GPa [48], we obtain an in-plane stress of ~ 9 kbar.
While this stress is below the expected 20 kbar, we must note
that the film is not compressed hydrostatically, but uniaxially
and along the direction that expands the most across the
MIT. Therefore, it is reasonable to expect that the transition
into the insulating phase will be suppressed with noticeably
lower compressive stresses, such as the ones we estimate.
At the film’s surface, on the other hand, E,, is tensile, i.e.,
the film is expanded in the horizontal plane as compared to
the bulk V,03. Oppositely to the compressive strain, tensile
strain is expected to promote the MIT, which explains why
the monoclinic domains can form near the film’s surface
(Fig. 3).

E,, on the film’s top surface is around 4.4%, implying
that, far from being compressed, V,0; at that location is
subjected to tensile strain. While this might seem counterin-
tuitive due to the smaller lattice parameter of sapphire, it can
be explained by considering the different thermal expansion
coefficients of both materials [29,46]. Film growth is done
at high temperatures (700 °C), where lattice parameters are
significantly larger than at the measurement temperature. The
V,03—sapphire lattice mismatch is even higher at 700 °C than
at room temperature, so the film grows very compressively
strained. The top part of the film, however, will be less com-
pressed than the interface. As the sample is cooled down
after growth both materials contract, but V,03 contracts faster
[29,46], therefore relieving some of the compression. This
decompression can get to the point that, for thick films, strain
on the top surface changes sign due to the expanding film
underneath, resulting in tensile forces [38]. Tensile in-plane
strain at the top interface also leaves an imprint on E,, due
to the Poisson effect. E,, falls below the bulk value of 7.8%,
meaning the c-axis lattice parameter is shorter than bulk on
the top of the film. This can be also seen in the XRD measure-
ments on Fig. 1(c): the 006 V,03 peak of the 300-nm film is
shifted to higher angles than that of bulk V,0s.

To understand the origin of the counterintuitive tensile
strain at the V,03 surface, we estimated the strain magnitude
due to the thermal expansion coefficient mismatch between
the film and substrate. If the top of the 300-nm V,0j3 film was
completely relaxed at the growth temperature (700 °C), the a-
lattice parameter of V,03 would have been around 0.502 nm
(extrapolating the data in McWhan ez al. [29]). Let us consider
that during cooldown the film contracts coherently, following
the substrate contraction. The Al,O3 a axis is 0.5% shorter at
room temperature than at 700 °C [46], so the V,0;3 a axis at
the top of the film could be expected to be around 0.499 nm
after cooling down. Relaxed bulk V,03 at room temperature
has a 0.496-nm q axis, meaning that the top of the film would
be under a 0.6% tensile strain, despite being grown epitaxially
on a substrate with a smaller lattice parameter. Experimentally
we observe a 0.3% tensile strain. The discrepancy is likely due
to the assumption that film and substrate expand and contract
coherently.

For the insulating phase to nucleate, the film needs to
accommodate a large in-plane expansion associated with the
corundum-to-monoclinic transition. Such strain accommoda-
tion is easier at the top interface, where compressive forces
are lowest (or even tensile). Figure 5(b) shows E,, and E_; at
125 K obtained at the same location as the map in Fig. 5(a).

Two monoclinic domains can be clearly identified, leaving an
imprint on strain. E,, is much higher and E,, much lower
within the domain. From these results we can interpret that
insulating areas are subjected to a strong compressive stress,
which is larger the closer to the substrate, forcing domains
to acquire a wedge shape. Stress increases fast below the
critical thickness, preventing the insulating domains from ever
reaching the bottom substrate-film interface. While here we
obtained a critical thickness of 50 nm, its specific value is
expected to depend on the substrate choice and its lattice
mismatch with the film. Lower mismatches will likely give
rise to lower critical thicknesses.

While STEM data show no monoclinic phase in the interior
of the 50-nm V,0; film, resistance data in Fig. 1(b) show
an upturn in resistivity at low temperatures, and 6-26 scans
in Supplemental Material, Fig. S2 show a slight intensity
decrease of the corundum structural peak. This suggests that
there might be a small fraction of the film that can turn in-
sulating. A closer inspection of the corresponding STEM data
(Fig. S3) shows an extremely narrow dark-contrast V,03 layer
on the film surface, right beneath the gold protective layer. A
similar layer is observed for the 300-nm film (Fig. 3). Due to
its small thickness (<3 nm) and proximity to the gold film, we
are not able to gather much information about this layer using
the 4-D STEM technique.

V. PEEM MEASUREMENTS

X-ray PEEM, being a surface-sensitive technique with lim-
ited probing depth (2-3 nm), is an ideal tool to study the
properties of the upper surface layer of V,03. Shining x-rays
with photon energies corresponding to the resonant vanadium
L-edge induces strong photoemission from the sample sur-
face. The number of electrons ejected is proportional to the
x-ray absorption (XAS). Since different V,03 phases feature
different XAS spectra, photoelectron intensity maps can re-
veal the distribution of insulating—metallic domains [42]. To
investigate the possible transition in the surface layer of the
50-nm-thick V, 03 film, we performed temperature-dependent
PEEM measurements at the UE49-PGMa beamline at the
BESSY II synchrotron.

Metallic V,0; has two d electrons and three overlapping
bands at the Fermi surface: two degenerate e, bands aris-
ing from d orbitals oriented in the plane, and an a;, band
coming from a d orbital pointing out of plane [49]. As a
result, there is some x-ray linear dichroism (XLD): the XAS
spectrum differs slightly depending on the orientation of the
electric-field vector of the incoming linearly polarized beam.
Figures 6(a) and 6(c) show XAS at 190 K for the 300- and
50-nm films, respectively. XAS were measured using radia-
tion polarized either horizontally (H) or vertically (V), which
in our experimental setup corresponds to the electric-field
vector being almost orthogonal and almost parallel to the
sample’s surface, respectively. We say that it is “almost”
perpendicular or parallel because the incoming beam has a
grazing incidence angle of 16°.

Within the metallic state, XLLD = V/H is close to 1. There is
little dichroism. When V,03 turns monoclinic at low temper-
ature, the a;, band is pushed up, away from the Fermi surface,
losing occupancy. Consequently, the system becomes more
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FIG. 6. X-ray absorption near the vanadium L- and oxygen K edges for the (a) 300-nm film at 190 K, (b) 300-nm film at 44 K, (c) 50-nm
film at 190 K, and (d) 50-nm film at 44 K. For each panel, scans with light polarized in plane (black) and out of plane (green) are shown.

anisotropic and the XLD is no longer close to 1. This can be
seen in Figs. 6(b) and 6(d), which are taken at 44 K. From
them, we can see that XLD is largest around 519 eV. Unlike
in XRD and STEM measurements, XLD shows large changes
as a function of temperature, not only for the 300-nm sample
but also for the 50-nm one.

Figure 7(a) shows space-resolved XLD images of the
50-nm-thick film, for different temperatures, for a photon
energy of 519.2 eV. While the images are featureless at
high temperatures, domains can be clearly distinguished at
lower temperatures. Interestingly, these domains appear con-
tinuously, becoming increasingly more intense, but showing
little changes in size. This is observed both in warmup
[Fig. 7(a)] and cooldown (Fig. S4). The zoom into a spe-
cific domain shown in Fig. S5 allows to see this effect
better.

Three XLD intensity levels can be appreciated, corre-
sponding to three different types of domains. To better
understand their nature, we divided the image into three dif-
ferent regions of interest, according to their intensity level.
XAS spectra were calculated by integrating over each of these
regions. Figures 7(b) and 7(c) show the XAS taken with in-
plane (V) and out-of-plane (H) polarized light. The XAS of the
three domains is similar for light polarized out of plane, but
clearly different for in-plane polarization. Hence, it is reason-
able to interpret the presence of these domains as originating
from the three possible insulating, monoclinic twins. Twins
have the same out-of-plane projection, and therefore similar
XAS for out-of-plane polarization. But, their tilts into differ-
ent in-plane directions have different projections with respect
to the incoming in-plane polarized beam, yielding different
XAS for in-plane polarization. Interestingly, the film surface
is not equally shared by the three domains. Figure S6 shows
dichroism histograms of the three regions of interest: “gray”
domains, with V/H ~ 0.95, make up most of the surface. Fur-
ther studies are necessary to understand the origin of unequal
domain distribution.

VI. DISCUSSION

Our combined PEEM + STEM measurements suggest,
on 001-oriented V,0; films, the presence of a thin surface
layer where monoclinic domains can form. Superficial domain
nucleation seems to happen in a rather different fashion, as
compared to bulk nucleation. There are very limited changes
in domain size as temperature is decreased far below ¢ (Fig.
S5) and, contrary to bulk domains, their contrast emerges in
a continuous way, a feature more reminiscent of second-order
transitions. While we do not fully understand why this layer
forms, we anticipate it could be caused by large strain re-
laxation, or a potential lattice reconstruction near the film’s
surface. The presence of this surface layer might explain the
resistance upturn at low temperatures, and the small intensity
decrease of the corundum structural peaks in the XRD mea-
surements.

These results show that there is a very strong vertical de-
pendance on the nucleation of insulating domains across the
MIT. Not taking this into account could lead to incorrect in-
terpretations. For instance, our XRD results show that 50-nm
V,03 films do not feature any monoclinic phase (albeit with a
small reduction in corundum peak intensity). But, our PEEM
measurements, which are sensitive to the electronic structure,
suggest the formation of an insulating phase, or at least a
phase with different orbital symmetry. Without considering
variations along the vertical direction, one might have been
erroneously led to identify a decoupling between the MIT and
the SPT.

From the practical point of view, our observation of a
critical thickness can enable an unconventional way to fab-
ricate out-of-plane MIT switching devices. Presently, most
studies of the MIT switching utilize a planar device geometry.
Planar geometry works well for exploring individual device
performance, but it is not optimal for large-scale integration.
Fabrication of out-of-plane devices requires growing the MIT
film on a conducting substrate or buffering the insulating
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FIG. 7. (a) XLD (V/H) images of the 50-nm film with an
incoming beam energy of 519.2 eV. Several temperatures are
shown. Temperature scanning was done by increasing temperature.
Cooldown measurements are shown in Fig. S4. (b) X-ray absorption
for the 50-nm film at 44 K with light polarized in plane. The three
scans correspond to three regions of interest (contrast domains) in the
PEEM map. These were chosen in accordance with the three domain
intensities observed. (c) X-ray absorption for the 50-nm film at 44 K
with light polarized out of plane. The three scans correspond to three
regions of interest (contrast domains) observed in the PEEM map.
These were chosen in accordance with the three intensity domains
observed. Red arrows in (b) and (c) indicate the energy where the
scans in (a) where measured.

substrate with a conducting layer, which is often detrimental
to the MIT film growth as structurally matching conducting
substrates or buffer layers are not readily available. Our find-
ings that under appropriate strain conditions, only the top film
region undergoes the MIT, while the bottom region always
remains metallic, alleviate the need of having a conducting
substrate—buffer layer. An out-of-plane switching device can
be, in principle, made by fabricating a top metal electrode
and utilizing the persistent metallic bottom region as a native
electrode. As many MIT materials undergo a coinciding SPT,
it can be expected that critical thickness of the transition
propagation into the interior of the film can be engineered
in other materials beyond V,0; by appropriately choosing
the film-substrate epitaxial relation to impose constraints on
the SPT and force the bottom region of the film to remain in
the metallic state.

VII. CONCLUSIONS

We have performed a thorough characterization of domain
nucleation and growth across the phase transition in self-
strained, (001)-oriented V,0; films using a combination of
STEM and PEEM measurements. We observed that domain
nucleation starts where strain is lowest, at the surface of the
film. As the temperature is lowered, insulating monoclinic
domains grow downwards and laterally, without ever reaching
the bottom part of the film likely due to the high compressive
stress. For films less than 50 nm thick, insulating domains
cannot nucleate in the interior of the film. However, PEEM
measurements reveal the existence of a superficial layer at the
top electrode in which insulating phase can form, regardless of
film thickness. Surprisingly, surface-domain formation shows
very different features when compared to that in the interior
of the film. Surface domains do not experience large changes
in size with varying temperature, and their contrast emerges
gradually, resembling a continuous phase transition. These
results give fundamental spatially resolved insight into the
MIT of strongly self-strained systems. In turn, this is crucial
information for stabilizing high-pressure phases in these sys-
tems, and for the development of MIT-based devices, key for
several technologies.
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