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ABSTRACT Despite the relatively simple stoichiometry and structure of VO,, many questions regarding the nature of its famous
metal—insulator transition (MIT) remain unresolved. This is in part due to the prevailing use of polycrystalline film samples and the
limited spatial resolution in most studies, hindering access to and control of the complex phase behavior and its inevitable spatial
inhomogeneities. Here, we investigate the MIT and associated nanodomain formation in individual VO, microcrystals subject to
substrate stress. We employ symmetry-selective polarization Raman spectroscopy to identify crystals that are strain-stabilized in
either the monoclinic M1 or M2 insulating phase at room-temperature. Raman measurements are further used to characterize the
phase dependence on temperature, identifying the appearance of the M2 phase during the MIT. The associated formation and spatial
evolution of rutile (R) metallic domains is studied with nanometer-scale spatial resolution using infrared scattering-scanning near-
field optical microscopy (s-SNOM). We deduce that even for small crystals of VO,, the MIT is influenced by the competition between
the R, M1, and M2 crystal phases with their different lattice constants subjected to the external substrate-induced stress. The results
have important implications for the interpretation of the investigations of conventional polycrystalline thin films where the mutual

interaction of constituent crystallites may affect the nature of the MIT in VO,.
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number of transition metal oxides exhibit metal—
insulator transitions (MIT) that can be induced by
temperature, stress, and/or doping.'* One of the
most widely studied, because of its potential applications,
is vanadium dioxide (VO,), which undergoes a first-order
MIT from a low-temperature monoclinic insulating phase to
a high-temperature rutile (R) metallic phase at Tyt = 340
K.' Despite its early discovery, convenient transition tem-
perature, and comparatively simple crystal structure, the
underlying mechanism behind the MIT in VO, is still debated
as the transition exhibits both Peierls-like and Mott-like
characteristics.*~®
Involving both electronic and lattice degrees of free-
dom, the MIT in VO, has been shown to be affected by
doping? as well as stress.'®'" Furthermore, VO, exhibits
more than one low-temperature insulating crystallo-
graphic structure, the primary ones being the monoclinic
M1 (low stress/low Cr doping) and M2 (high stress/high
Cr doping) phases.”'®'*'? Although the M2 phase has
previously received little experimental attention, the fact
that its crystal structure can be viewed as intermediate
between M1 and R'* suggests that the study of its proper-
ties may be key in understanding the MIT.*'* Recent
studies have identified the M2 phase via X-ray diffraction

in ensembles of VO, single crystals'' and via Raman

spectroscopy in single surface bound/clamped crystals.'?
However, details of the nanoscale domain formation and
phase behavior of the M1, M2, and R phases, together
with their complex dependence on stress and temperature
are not yet fully understood.

Because of changes in the lattice parameters associated
with this displacive MIT, bulk crystals suffer from strain-
induced degradation in repeated cycling across Tyr.'® For
related reasons, the MIT in polycrystalline VO, thin films is
broadened over a wider temperature range'’~'? than in
single crystals' as a result of a highly inhomogeneous
macroscopic material response®®?' possibly the result of
inevitable nonuniform local stress. This makes the interpre-
tation of macroscopic measurements on polycrystalline
samples difficult and calls for investigations of the properties
of individual single crystals. The study of individual small
VO, single crystals avoids averaging over an inhomogeneous
ensemble'' and eliminates the granular structure of poly-
crystalline films®®*" providing access to the correlation of
the MIT with intrinsic crystallographic properties as well as
the influence of stress.

Here, we investigate the MIT of small individual VO,
crystals bound to an oxidized Si substrate. These micrometer-
sized crystals are highly resistant to degradation on thermal
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and insulating domains during the MIT.*** The study of this
system should provide important information relevant for
the interpretation of measurements on disordered polycrys-
talline films.

We use a combination of two purely optical techniques
that stand out for their experimental simplicity, minimal
interference with the intrinsic phase behavior, and lack of
need for special sample preparation. Infrared (IR) scattering-
scanning near-field optical microscopy (s-SNOM) provides
dielectric contrast and spatial resolution®® to access the
nanometer spatial evolution of insulating and metallic do-
mains as demonstrated previously for polycrystalline films.*°
The particular combination of far-field Raman microscopy
and s-SNOM provides identification of the M1 and M2
insulating phases of individual crystals and allows monitor-
ing of the nanoscale spatial evolution of ordered insulating
and metallic domains during the MIT process.

We observe that all VO, crystals for a given sample are
stabilized in either the M1 or M2 insulating phase at ambient
temperature, which appears to be a consequence of different
strain related to variations in growth conditions. Insulating
domains in crystals initially in the M1 phase at room tem-
perature are found to convert to the M2 phase during the
MIT prior to the formation of the fully metallic state. Crystals
initially in the M2 phase convert directly via the formation
and growth of periodic R domains in a similar fashion but
at slightly higher temperatures compared to the M1 case.
Associated with the M2 phase we observe a subdomain
striation within the insulating M2 regions on length scales
of ~100 nm recently identified to be due to polysynthetic
twinning.?®

It is known that the M2 phase, which in the unstrained
material has a free energy very close to that of M1, can be
stabilized by doping or compressive uniaxial stress in the
[110]g direction.”'® The relationship between the crystal
lattices of the different phases of VO, can be understood in
terms of the displacement and pairing of two interpenetrat-
ing sublattices, A and B, each composed of chains of V atoms
oriented along the crystallographic cg axis. In the rutile
phase, each V atom is octahedrally coordinated with oxygen
with the octahedral axis pointing along the [110]g (A) or
[110] (B) direction (see schematic R in Figure 1c).”'° From
the R crystal structure, the M2 insulating phase is formed
through the differentiation of the two V sublattices. For
sublattice A, V atoms dimerize in rows approximately along
the cg direction, while in sublattice B the pairwise tilt of V
atoms leads to the formation of a zigzag chain along the
approximate cg axis (see schematic M2). In M1 all V pairs
are both dimerized and tilted (see schematic M1).%”

In addition to changes in the crystal lattice symmetry
associated with the tilting/dimerization of the V atoms, the
lattice constants differ between the M1, M2, and R phases.
The lattice constants of the M1 phase as compared to R are
shorter by ~0.6 % along the ag axis, shorter by ~0.4 % along
the bg axis, and longer by ~1.0 % along the cg axis.*®*” The

v © 2010 American Chemical Society

1575

=5

R

fissenase
; - 10um

()

Raman Intensity (a. u.)
N

1 Cq |
R Metallic Phase L .
- K& agy 1
| I | ! | L |
200 400 600 800

Raman Shift (cm™)

FIGURE 1. Schematic of the IR s-SNOM experiment (a) for charac-
terization of domain formation of substrate bound VO, crystals (b).
Raman spectra from freestanding VO, crystals (c) with lattice
representations of the M1, M2, and R crystal structures centered
around oxygen octahedra oriented along the [110] direction. The
three Raman spectra for the M1 phase (top to bottom) were taken
for illumination/detection polarization with respect to the longitu-
dinal (cg) axis of the crystal of parallel/parallel, perpendicular/
perpendicular, and parallel/unpolarized yielding the Ay modes for
the first two cases and a superposition of the A; and B; modes for
unpolarized detection.

lattice constants of the M2 phase as compared to R are
shorter by ~0.4 % along the ag axis, shorter by ~0.7 % along
the by axis, and longer by ~1.7% along the cg axis.”*%*°
The resulting volume changes from the R to the M1 and M2
insulating phases are —0.044°° and 0.6 % ,” respectively.
Experiment. The VO, crystals are grown by vapor phase
transport as described previously.?**° VO, (Sigma-Aldrich,
= 99.99%) powder placed upstream from an oxidized
silicon substrate is heated to ~1275 Kin a tube furnace with
20 mbar of argon carrier gas for 30 min. The resulting single
crystals that grow on the substrate have roughly rectangular
cross sections with thickness in the range of 25—200 nm,
widths between 50 nm and several micrometers, and lengths
up to hundreds of micrometers. As known from X-ray
diffraction® and confirmed by our Raman measurements,
the longitudinal axis corresponds to the [100]y; = [001]r
crystallographic c-axis direction of the metallic R phase.
The formation of micrometer-scale alternating metallic
and insulating domains in these surface-adhered crystals, as
readily observed by far-field microscopy, involves the inter-
play of the mismatch of the thermal expansion coefficients
between VO, and the substrate, the crystal volume change
associated with the MIT, the free energies of the respective
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phases, and the energy associated with domain wall
formation.*>" At temperatures above Ty the crystals
experience tensile stress due to the higher thermal expan-
sion coefficient of VO, compared with the Si/SiO, substrate.
This stress is expected to be larger along the long axis of the
crystal (cg axis) due to the larger thermal expansion coef-
ficient in the cg direction.? This promotes the appearance
of insulating domains at temperatures above Ty, whose
formation reduces the average stress along the crystal as
their lattice constants are larger in the cg direction compared
to the R phase. On cooling these domains grow until the
metallic phase has completely disappeared, at which point
the axial stress has become compressive (see Discussion
below). Crystals released from the substrate exhibit no
domain formation converting entirely to the insulating or
metallic phase near Tyr.

Raman scattering experiments as used for phase identi-
fication are performed using a home-built micro-Raman
setup in an epi-illumination and detection geometry using a
NA = 0.75 objective (Olympus, 50x). For illumination, we
use a continuous wave HeNe laser (1 = 632.8 nm) with
incident power of <0.01 mW to minimize sample heating.
The scattered light is filtered with a long-pass filter with a
cutoff corresponding to a Raman shift of ~160 cm™" and
detected with an imaging spectrograph with a N;(l)-cooled
CCD (Acton Research).

The IR s-SNOM experimental setup, as shown schemati-
cally in Figure 1a, is based on a modified atomic force
microscope (AFM, CP-Research, Veeco Inc.). A CO, laser with
wavelength 4 = 10.6 um is focused onto a Pt-coated AFM
probe (Nanosensors, ATEC) with a Cassegrain objective (NA
= 0.5) at an angle of 65° with respect to the surface normal
(elliptical focus size of ~30 um in width, incident power =5
mW). The incident polarization is primarily oriented parallel
with respect to the tip axis (Figure 1a). The tip-scattered near-
field response is detected by a mercury—cadmium—telluride
(MCT) detector (Kolmar, Model KLD-0.25/DC/11.5) and dis-
criminated against the far-field background via lock-in detec-
tion on the second-harmonic of the cantilever dither oscil-
lation frequency.**>?

Optical excitation in the 6—12 um mid-IR range, that is,
well above the optical phonon energies and below the
interband transition, allows for optimal contrast between the
insulating and metallic phases of the VO,.?>** The image
contrast due to the optical dipole—dipole coupling between
tip and sample is determined by the local spatially varying
dielectric function of the surface. Regions of the metallic
phase, with comparatively large IR optical conductivity,
provide a higher effective tip—sample polarizablility and thus
a higher IR-s-SNOM signal compared to the dielectric insulat-
ing phases.?®>?¢ The typically observed s-SNOM spatial
resolution of 10—20 nm is conventionally determined by the
radius of curvature of the AFM tip.*>

Results. Figure 1c shows room temperature Raman
spectra identifying free-standing VO, crystals protruding
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from the edge of the substrate wafer to be in the M1 and
M2 insulating phases.>”~*' We were able to obtain the M2
phase for certain freestanding crystals, induced as a meta-
stable state by the micrometer-size laser focus using slightly
higher illumination intensities.*?

The space groups for the R, M1, and M2 lattices are Dijj,
C3,, and C3p, respectively.?® The M1 phase is thus character-
ized by 18 Raman active modes with 9A, and 9By modes.*”
The M2 phase also exhibits 18 Raman active modes with a
slightly different distribution with 10A4 and 8B4 modes.*°
The M1 and M2 Raman spectra differ primarily in shifts of
the 607 and 189 cm™' M1 phonon frequencies to higher
energies, the decrease of the 441 cm™' mode frequency, and
the splitting of the 221 cm™' M1 mode. This, together with
the spectrum of the R phase which is dominated by a
featureless luminescence,?”*® allows for the unambiguous
distinction between the M1, M2, and R phases.

Our Raman room temperature measurements of indi-
vidual crystals bound to the substrate identify every crystal
in a given macroscopic sample region as being either fully
in the M1 or M2 insulating phase, that is, no mixture of M1
and M2 crystals was found. The mechanism of the stabiliza-
tion of the M1 and M2 phases at room temperature will be
discussed below. Crystals in M2 at room temperature were
found to relax into the M1 phase after loosening from the
surface by a buffered-oxide etch. This is indicative of the
dominant role of stress in the phase behavior, although
additional factors such as oxygen deficiency from the growth
process cannot be completely ruled out.

Figure 2 shows topography (panel d) and simultaneously
recorded s-SNOM data (panels a—c) following a VO, crystal
initially in the M1 phase at room-temperature through the
MIT. Such crystals convert from the low-temperature fully
insulating state (panel a) through the sudden appearance of
a first metallic domain (panels b and f, 341 K), to a roughly
periodic set of insulating and metallic domains (c and f, 345
K), to the fully metallic state at temperatures of 370—390 K
(s-SNOM data not shown).

The initial appearance of metallic domains is reflected in
the Raman spectra by a sharp rise in the luminescence
background (Figure 2g, arrow). Up to ~350 K the insulating
domains of the regular domain pattern formed remain
purely M1 phase. As the temperature is increased further
and the insulating domains begin to shrink in size a conver-
sion of M1 to M2 is observed as seen from the appearance
of the characteristic M2 Raman modes (Figure 2¢g, 351 K
spectrum). Within a narrow temperature range of ~5 K all
insulating domains convert to M2 (Figure 2g, 355 K) without
a significant change in the total fraction of R. This M1—M 2
conversion occurs around 30 K below the temperature
where the fully metallic state is reached.

Figure 2f shows the associated domain formation and
spatial evolution in a repeated s-SNOM line-scan along the
longitudinal (cg) axis of a crystal with corresponding topog-
raphy (panel e) as a function of temperature. The appearance
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FIGURE 2. s-SNOM images (a—c) with corresponding topography (d)
of a VO, crystal (h = 35 nm) initially in the M1 insulating phase (a),
and its metallic/insulating domain formation (b,c) as the crystal is
heated through the MIT. Corresponding longitudinal line scan
tracing the spatial domain formation on a similar VO, crystal with
sample heating (e,f). The phases of the insulating domains are
identified by Raman measurements (g) finding M1 + M2 + R (351
K) and M2 + R (355 K) intermediate phase coexistence regimes.

of the first metallic domain in the scan region is followed by
a splitting, rearrangement, and subsequent formation of the
alternating domain pattern indicating the intermediate su-
perheating and sudden release of stress energy. With the
enhanced spatial resolution of < 30 nm provided by s-
SNOM, it can be seen that thin insulating domains persist
up to T > 375 K. The increase in s-SNOM noise with
increasing temperature is the result of tip/cantilever heating
and related jitter in the force feedback.

In contrast to the sudden formation of metallic domains
during the heating cycle, upon cooling the MIT is a gradual
process with a continuous shrinking of the metallic domains
(see Supporting Information). The final disappearance of the
last metallic domains beyond s-SNOM sensitivity and resolu-
tion of width as small as 50 nm is observed at temperatures
as low as T = 330 K indicating a pronounced hysteresis at
the low temperature side of the MIT. Unfortunately, in IR
s-SNOM measurements it is difficult to distinguish between
the M1 and M2 phases which appear to have only small
differences in their dielectric properties in the infrared.**
However, comparison of Raman and high spatial resolution
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FIGURE 3. Sequence of Raman spectra on heating of a single VO,
crystal initially in the M2 insulating phase at room temperature (a)
with MIT proceeding via a M2 + R phase coexistence only. Periodic
metallic domain formation (bright regions) and additional weaker
subdomain contrast pattern in the M2 insulating state (b) due to
twinning (see text for details). s-SNOM contrast correlated with ~1
nm topographic variations (c, line-scan along dashed line in b).

s-SNOM results indicates that the M1—M2 transition occurs
at a stage of the MIT where between 70 and 85% of the
crystal is in R phase.

Figure 3 shows Raman and s-SNOM results for crystals
that are initially fully in the M2 phase at room temperature.
On warming, the first emergence of R domains is observed
near 360 K, that is, at temperatures higher than that found
for crystals initially in the M1 phase at room temperature.
As the temperature increases the periodic domain formation
and their spatial evolution proceeds in a qualitatively similar
fashion to the case above. However, as the Raman spectra
indicate, the insulating phase in these crystals remains
purely M2 throughout the entire transition and over the
entire temperature range investigated with no trace of M1
appearing. With temperatures as high as 410 K, the purely
metallic phase is found to be complete at temperatures
higher (30 K) than in crystals originally in M1. Interestingly,
at low temperatures before the appearance of the first
metallic domains, two additional Raman modes at 362 and
568 cm™! can be discerned that are not attributable to either
the M1 or M2 phases and whose amplitude decreases with
temperature. Measurements under controlled stress® indi-
cate that these resonances are related to tensile stress and
are an indication that the crystallite is near the M1/M2 phase
boundary.

Only for crystals initially in the M2 phase, an additional
weak s-SNOM contrast was observed in the insulating phase
in the form of periodic striation parallel to cg (Figure 3b). The
contrast is only ~3 % of the metal—insulator contrast. These
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signal variations with a period of ~100 nm are correlated
with slight variations in surface topography of ~1 nm (Figure
3c). This observation can be attributed to polysynthetic
twinning of the M2 phase of the VO, crystals as shown
recently by micro X-ray diffraction measurements of strained
crystals.*® The resulting birefringence can give rise to a
polarization modulation of the tip-scattered signal and thus
slight variations in the s-SNOM contrast. The s-SNOM/
topographic striation is found to be independent of temper-
ature while the crystal remains in the insulating phase with
the signal variations disappearing upon conversion to the
metallic phase. The modulation pattern reappears after
cooling and the emergence of the M2 phase. No change in
the characteristic M2 Raman spectral signature associated
with this M2 subdomain patterning is found.

Discussion. From the results shown above and similar
measurements of VO, crystals of different sizes and shapes,
we conclude that crystals initially in the M1 phase at room
temperature convert to the metallic phase via a sequence
of (a) formation of periodic metallic domains followed by
(b) the conversion of the M1 insulating domains into the M2
phase, and finally (c) the growth and convergence of the
metallic domains into the fully metallic phase of the crystal,
M1 — M1 + R— M2 + R— R. Those crystals found initially
in the M2 phase convert directly via the formation of periodic
metallic domains and their gradual growth through heating
into the fully metallic state, M2 — M2 + R — R.

While the actual three-dimensional stress field within
these crystals is complicated and varying throughout the
transition, the largest relative change in lattice constants
between the three phases occurs along the cg axis. Metallic
stripes are always seen to form perpendicular to this axis
even in wide crystals with small aspect ratios. We therefore
consider a simple model to describe the phase/domain
behavior which assumes the elastic energy to be governed
primarily by the axial stress in the cg direction o with O
representing a spatial average over the crystal. The source
of this axial stress is the strain mismatch o of the differing
constituent phases of the crystal with the substrate. It is
important to note, that while o,,. may be close to zero due
to the alternating compressive and tensile stress, the respec-
tive elastic energy of the for all domains is nonzero.

However, o, has physical significance as it is propor-
tional to the net stress applied to the crystal via the substrate.
The observation that these stressed VO, crystals form
domains as they move through the MIT indicates that
minimization of the elastic energy of the substrate outweighs
internal energy gain within the crystal due to the elastic
energy, free energy density, and domain wall formation
required to create a periodic set of domains (see Figure 4b).
In the fully insulating or metallic state we assume that o is
nearly uniform along the crystal and equal to Oa.. In the
coexistence regime during the MIT, o should vary along the
cr crystal axis as the structure alternates between insulating
(more positive/compressive stress) and metallic (more nega-
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FIGURE 4. (a) Schematic of the MIT domain evolution of VO, crystals
as a function of temperature and its relationship with the average
external axial stress. Dashed/solid lines indicate heating/cooling
curves, respectively. Relationship (b) between the domain config-
uration with stress o within individual domains (dashed line), the
associated elastic energy density of the crystal ¢, (solid red line), and
the elastic energy of the crystal/substrate system &, for a crystal
stabilized in the M1 phase at room temperature at stages i—iv during
the MIT.

tive/tensile stress) domains. This corresponds to a reduction
of the average stress, and therefore the total elastic energy
of the crystal/substrate system.

Figure 4a shows a graphical representation of the phase
and domain evolution of the VO, crystal with temperature
with the associated average axial stress oawe. The stress-
temperature correlation shown in this figure takes into
account the combined knowledge from measurements of
the spatial evolution of domains provided by s-SNOM, the
observation of phase composition yielded by Raman mea-
surements, previous characterization of the crystallographic
phases,”*? and understanding of sample growth conditions.
The solid (dashed) lines represent the behavior of o,y during
cooling (heating).

As aresult of the different thermal expansion coefficients
(o > 0is;) during the initial cooling after fusion of the crystal
to the substrate, at temperatures slightly above the MIT the
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crystal experiences tensile stress (Figure 4a, region i, I). This
tensile stress may be approximated through estimation of
the strain mismatch of the crystal in the R phase, or & (0r
— ag)(T — Ty). Here, Ty represents the temperature at which
the crystal grows on the substrate.

For all crystals (both those in M1 and those in M2 at room
temperatures), on cooling toward the transition g, can be
reduced most effectively by introducing thin M2 domains.**
This is consistent with the observation that the insulating
phase at higher temperatures is initially M2. An associated
consequence of the tensile strain is that the first appearance
of insulating domains occurs well above Tyr; indeed, we
observe the appearance of insulating domains as high as
=400 K. Upon further cooling, M2 domains grow continu-
ously with decreasing temperature, thus reducing g,y further
(Figure 4a, region ii, II).

For the crystals in the M1 phase at room temperature,
on cooling to a temperature of ~350 K at which ~25% of
the crystal is in the insulating phase the remaining insulating
domains convert from the M2 to M1 phase within a 4—5 K
temperature range. s-SNOM measurements indicate only a
~4 % change in the volume fraction of the crystal occupied
by the R phase within this temperature window over which
the M2—M1 conversion occurs for typical crystals. This
conversion of the insulating regions can be understood in
terms of the continuous growth of the M2 domains with o
eventually becoming locally compressive. Compressive stress
for the M1 phase is consistent with the previously reported
compressive stress value of 0.4 % .*> With compressive stress
the M1 phase with its shorter axial lattice constant and lower
free energy becomes more favorable than the M2.

After the complete conversion of M2 to M1, further
cooling results in the steady growth of the insulating do-
mains until the fully insulating state is reached (Figure 4a,
region iii). The persistence of R domains below the bulk
transition temperature is consistent with compressive stress
favoring the R phase with its shorter lattice constant. The
compressive stress is also revealed by the fact that crystals
are found to buckle when released from the substrate for
transport devices with their ends fixed by evaporated elec-
trodes.”’

Upon heating (dashed green line) these crystals exhibit
the first emergence of R domains near the bulk transition
temperature (Figure 2f, 340—350 K). The initial discrete
appearance of almost micrometer-size R domains should
result in a stepwise reduction of the average compressive
stress as indicated. The formation of periodic R domains and
their gradual widening may make the stress in the adjacent
insulator tensile, promoting the conversion of the insulating
domains from M1 to M2 at ~350 K (Figure 2¢, 351, 355 K)
with a hysteresis of ~5 K relative to the cooling case. This
conversion is followed by the steady growth of the R
domains (Figure 2f, 350—370 K) resulting finally in a fully
metallic crystal under tensile stress. The hysteresis observed
at the beginning and end of the MIT is asymmetric with a
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FIGURE 5. Associated temperature dependence of crystal volume
fraction in the M1, M2, and R phases for a crystallite initially in the
M1 at room-temperature (a). Corresponding diagram for crystals
found in the M2 phase at room-temperature (b).

less than 5 K offset between disappearance and first reap-
pearance of insulating M2 domains at higher temperature
but a > 10 K between the discrete appearance of metallic
domains on warming versus the gradual disappearance of
metallic domains on cooling (see Supporting Information).

For a crystal found stabilized in M1 at room temperature,
Figure 4b illustrates the relationship between the stress
experienced by domains of different phase within a crystal
with both the elastic energy density of the crystal e and the
elastic energy density of the crystal/substrate system g, at
various stages of the MIT. Here, upon cooling the formation
of domains (i—ii) results in a release of the substrate stress
and thus a reduction in & Growth of the insulating domains
eventually results in a conversion of insulating M2 domains
to M1 to lower the stress applied by the substrate (ii—iii).
Finally, further cooling leads to the formation of a fully
insulating wire (iii—iv) under compressive stress as dictated
by the substrate. Here again, the substrate related stress
results in an overall increase in &..

Figure 5a shows the temperature dependence of the
approximate volume fraction of the different phases during
heating and cooling (dashed and solid lines, respectively),
derived from analysis of the s-SNOM images and the Raman
phase identification. While the details vary somewhat be-
tween different crystals the general behavior is reproducible.
The corresponding volume fraction plot for the set of crystals
in M2 at room temperature is shown in Figure 5b. For these
crystals, the temperature at which the first M2 domains
appear is higher compared to crystals stabilized in the M1
phase at room temperature. This suggests that a higher initial
tensile stress differentiates these crystals from the M1
crystals. Such higher built in tensile stress for M2 at temper-
atures slightly above Tyr with respect to their M1 counter-
parts could result from a higher growth/fusing temperature
Ty. This would be consistent with the observation that upon
warming R domains appear at temperatures 10—20 K higher
than Tyr (Figure 3a, up to 361 K). This furthermore fits with
our observation that crystals grown further upstream (higher
Ty within the temperature gradient in the furnace tend to
be in the M2 phase at room temperature. That the details of
crystal growth may affect the phase of VO, at room tem-
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perature underscores the importance of the role of stress in
the MIT and is consistent with previous studies which have
linked M2 stabilization to small system perturbations.”~""*¢

Our results offer a cautionary note for interpreting mea-
surements of VO, samples in general and polycrystalline thin
films in particular. In the latter nanoscale heterogeneities
with crystallites of different sizes, individual local stress
conditions, and random distribution of the crystallographic
orientations obscure the intrinsic properties of the individual
phases in macroscopic measurements. Indeed, a stochastic
behavior in such films was observed,*” and previous s-SNOM
studies on polycrystalline films revealed a complex correla-
tion between the MIT and, for example, film morphology,
topography, and grain boundaries.?°*!

Our work identifies an even more complex combination
of multiple nanoscale phase and domain heterogeneities
than previously assumed® even in small, perfect single
crystals adhering to substrates or to each other, as a result
of elastic effects. Not only do we see the expected mixture
of metallic and insulating domains with new morphological
details revealed by sensitive high resolution s-SNOM prob-
ing, but we also observe an unexpected pervasive presence
of the M2 insulating phase and its competition with M1
within single crystals, an observation consistent with the
known ready stabilization of M2 by doping and moderate
stress.”” "' From these results, we conclude that M2 should
be present over a certain temperature range around the MIT,
at least transiently, in polycrystalline thin films, given the
unavoidable local stress due to the MIT of individual crys-
tallites, as well as most likely in bulk VO, samples. If this
conclusion proves correct, the possibility of a transient M2
insulating phase involved in the MIT should be considered
for samples with undefined crystallographic orientation. This
consideration may apply not only for static measurements
like the one performed here, but also for ultrafast measure-
ments where the transition has been found to depend not
only on photodoping but atomic motion of the unit cell as
well.** We note that although Raman signatures of M2 were
not recognized in earlier studies of thin films, their observa-
tion would have been difficult due to the obscuring presence
of V,05 Raman lines in that case.’®

Studying small single crystals offers the opportunity for
a new methodical approach to the MIT in VO,. In addition
to their excellent homogeneous form and resistance to
degradation, it is possible to apply a uniform and controlled
stress after release from the substrate.”>* The combination
of nano-optical, ultrafast, and electrical measurements should
then allow precise determination of the properties of each
of the multiple individual homogeneous phases and their
conversion by stress, and clarification of the possibly key
role of the intermediate M2 phase®'* as well as other aspects
of the mechanism behind the MIT in this archetypal strongly
correlated material.

In conclusion, our results underscore the general impor-
tance of understanding the implications of any inhomoge-
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neous variation in the local stress distribution on the prop-
erties of complex systems with phase transitions with
associated lattice changes in general and VO, in particular.
The insight provided by the combination of different optical
spectroscopies with s-SNOM highlights the potential of new
nano-optical techniques to isolate and probe the intrinsic
optical response of individual nanoscale domains desired for
the characterization of the wide range of correlated electron
systems.
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