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Abstract
The appearance of stripe phases is a characteristic signature of strongly correlated quantum
materials, and its origin in phase-changing materials has only recently been recognized as the
result of the delicate balance between atomic and mesoscopic materials properties. A vanadium
dioxide (VO,) single crystal is one such strongly correlated material with stripe phases. Infrared
nano-imaging on low-aspect-ratio, single-crystal VO, microbeams decorated with resonant
plasmonic nanoantennas reveals a novel herringbone pattern of coexisting metallic and
insulating domains intercepted and altered by ferroelastic domains, unlike previous reports on
high-aspect-ratio VO, crystals where the coexisting metal/insulator domains appear as
alternating stripe phases perpendicular to the growth axis. The metallic domains nucleate below
the crystal surface and grow towards the surface with increasing temperature as suggested by the
near-field plasmonic response of the gold nanorod antennas.

Keywords: vanadium dioxide, plasmonics, phase transition, stripe phases, ferroelastic domains

(Some figures may appear in colour only in the online journal)

1. Introduction

Ordered phase separation during an electronic or magnetic
phase transition is a characteristic signature of strongly cor-
related materials, such as those that exhibit colossal magne-
toresistance and high-temperature superconductivity [1-3].
Cuprates—for example, neodymium- and sodium-doped
high-temperature superconductors—form alternating stripes
and checkerboard patterns of coexisting phases [1, 2]. Stripes
of metallic and insulating phases with long-range order form
during the electronic phase transition in organic charge-
transfer complexes with spatial periods in the single-
micrometer regime [2, 4]. Vanadium dioxide (VO,) is a
canonical strongly correlated material, and an excellent can-
didate for studies of phase coexistence, as it is undergoes an

0957-4484/17/085701+-09$33.00

insulator-to-metal (IMT) phase transition near room temper-
ature accompanied by a first-order structural phase transition
from monoclinic to rutile crystal structure, leading to large
resistivity and permittivity changes [2]. The phase transition
can be induced thermally [5, 6], by electric field [7, 8], or
optically on ultrafast time scales [9, 10].

Single crystals of VO, do in fact exhibit coexisting,
ordered metallic (M) and insulating (I) domains in thermal
equilibrium that have been observed using scattering-scan-
ning near-field optical microscopy (s-SNOM) [11, 12], pump-
probe s-SNOM [13, 14], scanning near-field microwave
microscopy [15, 16], and optical microscopy [15, 17].
Coexisting, ordered monoclinic (M1 and/or M2) or triclinic
(T) and rutile (R) domains have been observed in thermal
equilibrium via Raman spectroscopy [14, 16, 18, 19], with

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic of the s-SNOM setup (a), topographic (b) and second harmonic near-field amplitude (c) images of a single crystal VO,
nanobeam grown on sapphire substrate recorded at temperature 50 °C and laser wavelength, A = 10.7 um. Scale bar at top of (b) represents
50 nm and applies to (b) and (c). Optical amplitude image of the strained beam displays the formation of coexisting metallic (bright) and

insulating (dark) domains even below the critical temperature.

insulating VO, observed to have M1, M2 or T crystal struc-
ture and metallic VO, observed to have a rutile crystal
structure. Rutile and M1 structural domains have been shown
to correspond with the locations of coexisting M and I
domains imaged with reflected white light, respectively [20].
Transient coexisting metallic and insulating domains have
also been observed in nanobeams using optical pump-THz
probe s-SNOM even below the fluence threshold required to
initiate the completed phase transition [14]. Ordered phase
coexistence of stripes perpendicular to the cp axis or in a
herringbone structure has also been observed in cracked
epitaxial VO, films on TiO, which form ribbons [21-23] as
well as single crystals both on their growth substrate [12, 15—
17, 24, 25] and clamped on a different substrate [18] due to
strain. However, with a single exception in the literature [25],
these experiments have been carried out on micro- or nano-
beams with high aspect ratios and until now, no one has
looked in detail at the critical issue of stripe phases in geo-
metries with low aspect ratios typical of bulk single crystals.

Here, we describe observations of the phase transition in
VO, single crystals using s-SNOM and polarized far-field
optical microscopy and probe for the first time an altered
herringbone pattern of coexisting M and I domains. We
compare the ordered phase coexistence of VO, in strained
nanobeams and microbeams and see aspect-ratio-dependent
patterns via s-SNOM. In the case of low-aspect-ratio
microbeams, we find that deviations from the herringbone
structure are due to ferroelastic domains [16]. Using polarized
optical microscopy, we can image these ferroelastic domain
walls with mechanisms of contrast described in [16, 19].
Combining s-SNOM and polarized optical microscopy, we
show that a VO, single crystal responds to strain by (1)
forming ferroelastic domains and (2) nucleating and growing

M/I stripe phases. We propose that this herringbone pattern
of M/I phase coexistence is related to the absence of an
aspect-ratio-related geometric constraint [22, 25] and to sub-
strate-induced strain that is relieved by the formation of fer-
roelastic domains [16]. In high-aspect-ratio nanobeams, we
reproduce the well-known perpendicular stripe pattern [12].

These inhomogeneities are of interest because strongly
correlated materials can be used for active plasmonics by
capitalizing on the differing local dielectric functions asso-
ciated with the phase transitions [26-28]. To probe the
interaction between the coexisting domains and metal plas-
mons on the surface of a single crystal, we decorate the
microbeam with resonant dipole nanoantennas. However, in
contrast to previous studies on thin films where nanorods are
in direct contact with the VO, [28], we observe no interaction
between the plasmon and the metallic domains in the VO,.
This indicates that the local dielectric environment of the
nanoantenna—the plasmon near field with a range of a few
tens nanometers—is not modified by the metal and insulating
domains which form during the IMT.

2. Materials and methods

We examined coexisting M and I phases in VO, single
crystals during the thermally induced IMT using a commer-
cial (neaspec.com) s-SNOM integrated with a laboratory-built
heater (figure 1(a)). A platinum—iridium-coated atomic force
microscope (AFM) tip, oscillating at a resonance frequency of
280 KHz, was illuminated by a focused CO, laser
(A =10.7 um) at 45° with respect to the sample surface
[29, 30]. The excitation laser was polarized perpendicular to
the plane of incidence (s-polarized) and the scattered signal



Nanotechnology 28 (2017) 085701

C McGahan et al

was detected in the plane of incidence (p-polarized). The
scattered signal from the tip-sample interface was demodu-
lated at higher harmonics of the tip frequency to suppress
background and detected via pseudoheterodyne inter-
ferometry. By raster scanning the sample surface, concurrent
topographical (figure 1(b)) and near-field optical (figure 1(c))
images of VO, single crystals and Au nanoantennas were
recorded as a function of temperature. Vanadium dioxide
switches from I to M at an applied electric field of order
2-7 x 10’ Vm~' [7, 31] and also when exposed to a pico-
second pulse of alternating current terahertz electric field with
a peak value of 1 X 108 Vm! [8], both of which are initiated
and driven by the Poole-Frenkel effect. These threshold
values are orders of magnitude higher than the
6 x 10°V m ™! electric field of the CO, laser used to excite
the plasmon.

The topographic image of a VO, nanobeam (figure 1(b))
shows a uniform crystal, free of defects and grain boundaries,
indicating that the optical contrast in figure 1(c) is not due to
the existence of multiple grains. The strong contrast in scat-
tering amplitude in s-SNOM at 10.7 um is due to local var-
iations in the polarizability of the sample [28, 29] from
differences between the optical constants of VO, in M and I
regions. From ellipsometry, we measure ¢; = 2.4 and
€, =29 forI VO, and ¢; = —3.3 and ¢, = 45 for M VO..
Based upon the VO, optical constants, the M regions are
expected to have strong scattering amplitudes due to the large
negative ¢; and large positive €, whereas I regions are
expected to have weaker scattering amplitudes due to the
moderate €, and small e, [32]. In this way, s-SNOM can
image the phase coexistence in VO, using a CO, laser and M
and I domains can be identified based upon their relative
scattering amplitudes.

Figure 1(c) shows the s-SNOM amplitude image of a
VO, nanobeam below the critical temperature for the IMT.
Regions with strong scattering amplitudes are coded as bright
(yellow) and correspond to scattering from metallic VO,
domains, whereas regions with weak scattering amplitudes
are assigned as dark (red) and correspond to insulating
domains. Since s-SNOM images the local permittivity of the
sample within the optical near-field of the tip at the excitation
wavelength, the probe volume extends into the bulk of the
crystal [29, 33-38] within the penetration depth of both
insulating and metallic VO,. Thus, at 10.7 um, the s-SNOM
is sensitive to the phases of VO, domains well below the
surface of a single crystal.

We fabricated VO, single-crystal microbeams following
the synthesis documented in [39] and [40]. The VO, crystals
were grown on a silicon substrate covered with its native
thermal oxide, typically 2 nm thick as measured by ellipso-
metry. The crystals were grown by physical vapor transport at
1.7 Torr and 825 °C in an argon gas environment for 1 h using
vanadium pentoxide (V,0s) powder loaded upstream of a
10 x 1 x 1cm® crucible with substrates loaded between 5
and 7 cm downstream. Chromium alignment markers 200 pm
apart were patterned photolithographically on the substrate
after crystal growth, allowing specific crystals to be located
by scanning electron microscopy (SEM) and s-SNOM. In

Figure 2. Scanning electron micrograph of VO, single-crystal
microbeam grown on silicon substrate. Gold nanorods were
fabricated on top of the single crystal via electron beam lithography.

preparation for electron beam lithography (EBL), PMMA 950
A4 was spun on the sample. The crystal chosen for this
experiment has an aspect ratio of 5:1, which differs from that
of the nanobeams examined in figures 1(b) and (c) and that of
nanobeams with aspect ratios of order 20:1 examined in
previous work with the exception of one previous study
where a low-aspect-ratio crystal was imaged [25].

Due to the strong contrast of the IMT in s-SNOM at mid
infrared frequencies, the gold antennas (3.2 um by 300 nm
nominal dimensions) were designed to be resonant with
10.7 um light and fabricated atop individual single crystals
via EBL with a Raith eLINE system. After development of
the photoresist by methyl isobutyl ketone:isopropyl alcohol,
50nm of Au was deposited by thermal evaporation. The
structures, shown in figure 2, resulted after liftoff in warm
acetone on a stir plate. Identical Au rods were oriented on an
individual single crystal at 18° angular increments over a 90°
range of angles to permit in-plane polarization-dependent
measurements, as the excitation laser in-plane polarization
direction cannot be modified in this apparatus. Fabricating Au
antennas resonant with the CO, laser also allowed for
simultaneous imaging of the M/I phase coexistence and the
Au plasmon resonance.

3. Results and discussion

We first investigated the insulating and metallic domains in
narrow (~80nm), high aspect ratio VO, single-crystal
nanobeams (figure 3) grown by vapor phase transport [17, 24]
on a sapphire substrate and observed the evolution of the
coexisting phases in temperature. We verified the uniformity
of the single crystals via topographic measurements
(figure 3(a)). The nucleation of M phases during the IMT can
begin at random locations on a single crystal, as in the onset
of the IMT in polycrystalline thin films [32]. Due to the high-
aspect-ratio and the crystallinity of nanobeams, strain at the
crystal-substrate interface causes the domain structure to
evolve by forming well-defined and periodic metallic rutile
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Figure 3. Topographic (a) and second harmonic near-field amplitude images (b) of single crystal VO, nanobeams with width less than
100 nm grown on sapphire substrate. Scale bars at top right of each panel represent 100 nm. The amplitude plots (b) show how the IMT
evolves as a function of temperature, with insulating domains shown in orange (dark) and metallic domains shown in white (bright).

and insulating non-rutile domains perpendicular to the cg
(along the long dimension of the crystal) axis that span the
width of the crystal [17]. At the onset of the IMT
(T. ~ 63°C) in the nanobeams examined, bright metallic
nanodomains form perpendicular to the ¢y axis and grow in
size as temperature increases, forming a periodic pattern of
stripes evolving towards a dominating bright phase at high
temperature (T ~ 90 °C, figure 3(b)). The ordered coex-
istence of M and I domains is ideal for determining the effect
of the nanorod plasmon on the IMT; however, it is not fea-
sible to fabricate 3.2 yum long Au nanorods resonant at the
excitation laser wavelength on these nanobeams due to their
narrow width.

To explore interactions of the Au nanoantennas with
single crystal VO,, we grew a VO, microbeam (estimated
thickness 250-500 nm from tilted SEM) on Si that was wide
enough (lateral dimension 8.5 um) to allow for fabrication of
3.2 um long dipole antennas resonant with the excitation
laser. Figure 4 displays topographical (figure 4(a)), near-field
amplitude (figure 4(b)), and polarized optical microscopy
(figure 4(c)) images of Au antennas on this microbeam. The
smooth topography in figure 4(a) indicates a uniform single
crystal. As with nanobeams, stripes are seen in the amplitude
image (figure 4(b)), indicating the formation of coexisting M
and I domains in this microbeam. The gradations in bright-
ness of the M stripes indicate variation in the M domain
scattering signal which we suggest are caused by different M
domains being buried at a variety of depths beneath I domains
at crystal surface. This suggests that in figure 4(b), the
rightmost metallic domain is farther from the crystal surface
and buried deeper in an I domain than the bottom portion of
the leftmost metallic domain because the bottom region of the
leftmost domain exhibits more scattering than the rightmost
metallic domain. The s-SNOM technique, however, is
unsuitable for quantitatively probing the depths of buried
domains as the scattering signal is generated from a nanoscale
light source whose interaction with the phase change material
within the source near field extends to depth which is difficult
to predict and will change as the M domains grow.

In the low-aspect-ratio microbeam, metallic rutile and
insulating non-rutile domains primarily form a herringbone
pattern oriented at 50 + 5° with respect to the cg axis
(marked in figure 4(a)). Mirror symmetry occurs in M1 VO,

because both directions are energetically equivalent and cor-
respond to the energy-equivalent orientations of the mono-
clinic c-axis (described in [22, 23] and observed in a VO,
crystal in [25]). This ties the atomic scale response of VO, to
mesoscale properties. We posit that the low aspect ratio of the
microbeam is responsible for the observation of the herring-
bone pattern here and in [25] as opposed to the domain pat-
tern of stripes perpendicular to the cx axis observed in high-
aspect-ratio nanobeams [12, 15-17, 24]. However, in the
microbeam some M domain walls are oriented at 50 + 5°
with respect to the cy axis in one region but bend to become
perpendicular to the ck axis, in a deviation from a pure her-
ringbone pattern.

The deviations from the herringbone pattern are corre-
lated with the positions of ferroelastic domains. Ferroelastic
domains were first observed in VO, at room temperature
using polarized far-field optical microscopy and scanning
microwave microscopy to examine nanoplatelets comparable
in width to the microbeam studied here [15, 16]. Ferroelastic
domains were further examined at room temperature on single
crystals with M1, M2, and T crystal structures, and confirmed
by Raman spectroscopy [19]. These ferroelastic domains form
in reaction to stress in the monoclinic phase of VO,. In M1
VO,, as the temperature is increased, the ferroelastic domains
switch between energy-equivalent orientations of the same
monoclinic crystal structure. The large-scale ferroelastic
domain patterns that form in M1 VO, are related to the crystal
width and the strength of the interaction between the crystal
and the substrate [16]. The ferroelastic domains in M1 VO,
and M/I stripe phases couple due to their mutual interaction
with strain; walls between parallel-plane ferroelastic domains
in M1 VO, oriented perpendicular to the cp axis serve as
nucleation sites for metallic rutile domains of VO, [16] which
do not conform to the herringbone pattern of M/I phase
coexistence.

Polarized optical microscopy of the VO, microbeam
decorated with Au nanorods in figure 4(c) shows the positions
of ferroelastic domains and nanoantennas on the crystal pro-
bed with s-SNOM in figures 4(a) and (b). The Au nanoan-
tennas can be seen in figure 4(c) as narrow bright areas at
locations corresponding to the bright regions in figure 4(a).
The ferroelastic domains are manifest as bright rectangular
regions and a dark background. As the ferroelastic domains
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Figure 4. S-SNOM topography (a), second-harmonic near-field amplitude imaged at T ~ 73 °C and recorded at laser wavelength

A = 10.7 pm (b), and optical microscope (c) images of Au rods fabricated on a VO, microbeam grown on silicon. Scale bar at top right of (a)
represents 1.5 ym. Arrow in (a) indicates the direction of the cy axis in all three figures. Regions in (b) where the metallic domain walls
deviate from the herringbone structure are labeled 1, 2, 3 and 4. Large alternating regions of bright and dark rectangles in (c) are ferroelastic
domains. Ferroelastic domain walls corresponding to interruptions in the herringbone structure are labeled 1, 2, 3 and 4 to match the labels

in (b).

are oriented perpendicular to the cg axis of the microbeam,
they are of the parallel-plane type and can serve as nucleation
sites for metallic rutile domains [16]. The ferroelastic domain
boundaries that nucleate metallic domains are marked in
figure 4(c). These labels correspond to numerical labels in
figure 4(b) which indicate locations where the herringbone
structure is interrupted by metallic domains perpendicular to
the cg axis.

For example, consider the region marked ‘2’ in
figures 4(b) and (c). In figure 4(b), a domain wall located at
‘2’ is oriented perpendicular to the cg axis in the bottom half
of the figure and oriented at 50 + 5° with respect to the cp
axis in the top half of the figure. The part of the domain wall
oriented at 50 4 5° with respect to the cg axis follows the
herringbone pattern, but the domain wall labeled as 2’
deviates from this pattern in the bottom part of the figure. In
figure 4(c), there is a boundary between a bright and a dark
ferroelastic domain at the location marked ‘2’ running
perpendicular to the cp axis in the bottom half of the figure.
This is evidence that the ferroelastic domain wall has nucle-
ated the M/I domain wall labeled as 2’. By comparing
numbered regions in figures 4(b) and (c), we see that the
numbered ferroelastic domain walls line up with those M-I
boundaries that differ from the herringbone structure. This
indicates that the ferroelastic domains influence the formation
of metallic rutile domains and thus cause deviation from the
herringbone structure, as the metallic domain walls nucleated
at each of the four numerically labeled positions would not
have occurred if not for the ferroelastic domain wall at each
labeled position.

Microbeams of VO, exhibit ordered, coexisting M and I
phases that should in principle interact with plasmonic Au
nanorods by altering the plasmon resonance frequency and
thus the amplitude contrast observed via s-SNOM. Never-
theless, in figure 4(b), we do not observe detectable mod-
ification of the nanorod plasmon resonance. This indicates
that Au nanorod antennas are not influenced by the phase
coexistence, though the Au nanorods were simulated to be
resonant with the exciting laser. This is unexpected given the
quenching of the Au nanoantenna plasmon resonance seen in
Au nanorod plasmons in direct contact with M domains of
thin films [28]. We next explore the reasons for the lack of a
plasmonic interaction wusing both experiments and
simulations.

That the Au antennas are resonant with 10.7 um light can
be verified by examining their amplitude and phase response
at room temperature using s-SNOM. When a nanorod antenna
is oriented parallel to the laser polarization and resonant with
the laser wavelength, the laser excites the plasmonic dipole
mode of the rod, giving rise to a well-known amplitude and
phase contrast at the rod ends [41]. Figure 5 shows exper-
imental topographic (b), 2nd harmonic near-field optical
amplitude (c), and phase (e) images of Au nanorods on a VO,
microbeam taken at A = 10.7 ym and at room temperature.
The direction of the ¢ axis is indicated in the SEM in
figure 5(a). We observed the characteristic amplitude and
phase contrast when the nanorod antenna and laser field are
parallel, and at other rod orientations the dipolar signature is
weak. This is expected due to the contribution from the
metallized AFM tip used to image the IMT simultaneously
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Figure 5. Images of the Au nanorod array: (a) SEM, (b) topographic, (c) experimental second harmonic near-field amplitude, (d) FDTD
simulation of electric field amplitude, (e) experimental second harmonic phase, (f) and FDTD simulated phase images of Au antennas
fabricated on a VO, single-crystal microbeam and recorded at room temperature. (c) and (e) were recorded while the microbeam was excited
by a laser with A = 10.7 um. Arrow in (a) indicates the direction of the cx axis in all six figures.

with the Au plasmons. As a result of strong local antenna-
field distortions caused by the metallic AFM tip, even Au rods
oriented perpendicular to the laser polarization showed bright
optical amplitude and phase contrast. The orientation-depen-
dent excitations were simulated using finite-difference, time-
domain computations shown in figures 5(d) and (f), which
exhibit decreased field intensity and reduced phase contrast at
the nanorod ends, as the angle between the nanorod long axis
and polarization of the laser is rotated from 0° to 90°. Taken
together, these images indicate clearly that the antennas have
resonant excitation wavelengths close to the incident 10.7 ym
laser light.

Results from s-SNOM imply that the metallic rutile
stripes in the microbeam form at the crystal-substrate interface
and are not within the plasmon interaction range of the Au

nanorods on the surface of the VO, as soon as the M domains
nucleate. Though metallic domains more than several nan-
ometers below the surface of the single-crystal microbeam
can be probed using s-SNOM [29, 33-37], the metallic
domains are too far beneath the crystal surface to interact with
the Au nanorods due to the rapid decay of the out-of-plane
plasmon field. Thus, the Au nanoantennas do not show the
measurable quenching seen in previous thin film studies [28].

Figure 6 demonstrates this principle, showing the growth
of M domains toward the top surface of the crystal as the
temperature varies, how the difference between the s-SNOM
probing depth and the maximum plasmon interaction depth
alters the s-SNOM image formation, and how the dipole
plasmon is altered by the IMT. Figure 6(a) represents a
plasmon dipolar mode on top of the insulating phase of VO,
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Figure 6. Schematic of Au nanorod on VO, crystal showing (top) the sketched s-SNOM image corresponding to (bottom) a given pattern of
coexisting VO, phases in depth as a function of increasing temperature. The plasmon dipole mode, maximum plasmon interaction depth, and
s-SNOM probing depth are superimposed on the depth-dependent diagrams. Electric field is parallel to the long axis of the nanorod shown in
the s-SNOM top view. One metallic domain (a) out of range of s-SNOM and plasmon field, (b) in range of s-SNOM but not plasmon field, (c)
in range of both s-SNOM and plasmon field. (d)—(f) Trend toward purely metallic VO, progresses.

with a M domain located far from the crystal surface and
s-SNOM probe range. Increasing temperature (figure 6(b))
causes the metallic domain to grow nearer to the crystal
surface and within the probing depth of s-SNOM but not
within the metal nanorod plasmon interaction range, leaving
the plasmon resonance unaltered from figure 6(a). The M
domains imaged in figure 4(b) can be seen in this stage of
growth, in range of the s-SNOM but not of the plasmons and
thus the M domains do not alter the plasmon resonance.
Further heating (figure 6(c)) brings a metallic domain into the
plasmon interaction region, altering the plasmon resonance
from that seen in figure 6(a), represented here as a decrease in
the strength of the electric near field on the right side of the
nanorod and a possible shifting of the plasmon resonance.
This was observed for plasmonically resonant nanorods on
VO, thin films [28]. The process continues in figure 6(d) with
the electric near field on the right side of the nanorod being
completely quenched and in figure 6(e) where the near field
on the right is completely quenched and the near field on the
left is weakened. In figure 6(f) the entire VO, crystal is
metallic and the plasmon resonance corresponds to that which
would be seen for the Au antenna on metallic VO,, com-
pleting the process. Our observation that metallic domains
nucleate beneath the crystal surface is further supported by
three-dimensional s-SNOM imaging of VO, polycrystalline
ribbons thinner than our 250-500 nm microbeams, being only
30-300 nm thick [22]. Metallic rutile domains were shown to
preferentially nucleate at the VO,-substrate interface to
reduce the strain, which is the highest at the interface. The
metallic domains were observed to grow towards the surface
of the VO, and only occasionally appeared as stripes on the
polycrystalline ribbon surface [22].

A logical future step would be to investigate the inter-
action of plasmons with few nanometer thick VO, single
crystals such that Au nanoparticle plasmons would be sensi-
tive to M domains even at the crystal-substrate interface and
act as local probes. Etching methods, as recently described in
[42], have been used to reduce the thickness of VO, thin
films. These methods or any others have not been tested to

thin VO, single crystals where undesirable etching of the
sides of single crystals must be considered in addition to the
desirable etching of the top of the crystal so to thin the crystal
while preserving the footprint of the crystal. Significant pro-
cess development would be needed to adapt these etching
methods for the purpose of thinning but not shrinking VO,
single crystals while maintaining crystals free of grain
boundaries and switching VO,. The M domains in thinner
crystals than considered in the current work could also be
detected by s-SNOM as soon as the domains nucleate and
modify the gold plasmons on the surface of the crystal.

4. Conclusions

For the first time, we have studied the thermally induced IMT
and the structure of the phase coexistence in a low-aspect-
ratio VO, single-crystal microbeam decorated with plasmonic
Au nanorod antennas to examine the inhomogeneous
response of the crystal to the insulator-to-metal transition. We
observe a herringbone-like M/I phase coexistence pattern
with deviations due to ferroelastic domains, confirming that a
phase coexistence pattern other than the commonly observed
stripe pattern perpendicular to the cg axis is possible in VO,
single crystals and that the pattern observed may be deter-
mined by the crystal aspect ratio. These experimental mea-
surements also suggest a connection between the M/I phase
coexistence seen in strained epitaxial thin film ribbons and
single crystals of VO,. We observe that the herringbone
structure is modified by the presence of ferroelastic domain
walls that serve as nucleation sites for those M phase regions
that deviate clearly from the herringbone pattern. This inter-
action cannot be seen in the polycrystalline VO, ribbons.
Decoration of single crystals with resonant Au plasmonic
nanostructures establishes the possibility of using nanos-
tructures as non-destructive plasmon probes of the VO, phase
coexistence in the bulk of the crystal to compliment s-SNOM
measurements. Using the Au nanorod plasmon resonance, we
demonstrate depth-dependent inhomogeneity in VO, single
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crystals because M domains nucleate beneath the VO, crystal
surface and do not immediately extend throughout the entire
depth of the crystal. With sufficiently thin single crystals, the
M domains would be within the range of the plasmon field as
they nucleate. Thus, the plasmon could serve as a non-inva-
sive probe of the growth of M domains with temperature due
to the temperature-dependent growth of M domains modify-
ing the local dielectric environment of the plasmon in a
manner detectable via s-SNOM.
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