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ABSTRACT
We investigated the effect of substrate-induced strain on the metal−insulator transition (MIT) in single-crystalline VO2 nanobeams. A simple
nanobeam−substrate adhesion leads to uniaxial strain along the nanobeam length because of the nanobeam’s unique morphology. The strain
changes the relative stability of the metal (M) and insulator (I) phases and leads to spontaneous formation of periodic, alternating M−I domain
patterns during the MIT. The spatial periodicity of the M−I domains can be modified by changing the nanobeam thickness and the Young’s
modulus of the substrate.

Many unique properties of transition metal oxides, including
ferroelectricity,1,2 colossal magnetoresistivity,3-5 and highTC superconductivity,6 originate from the interplay between
structural phase transitions and nanoscale electronic and
magnetic ordering. Lattice strain, which affects the relative
stability of competing structural phases, thus has a profound
influence on the electrical, optical, and magnetic properties
of these oxides.1-6 Coherent strain generated from epitaxial
growth can result in spontaneous formation of domain
patterns in single crystals and thin films2,7-14 and can also
be used to change the thermodynamic stability of distinct
functional phases in ferroelectric1 and superconducting6 thin
films.
Bulk vanadium dioxide (VO2) undergoes a Mott metalinsulator transition (MIT) at TC,bulk ≈ 68 °C15-17 and has been
suggested as a candidate for realizing Mott field-effect
transistors18,19 and thermochromic devices.20,21 The MIT in
VO2 is accompanied by a structural phase transition from a
low-temperature (semiconducting or insulating) monoclinic
lattice to a high-temperature (metallic) tetragonal lattice.15,16
The relationship between this structural phase transition and
the Mott MIT has been the subject of many experimental19,22,23 and theoretical investigations.15-17
Here we report an experimental study on the effect of
substrate-induced strain on the Mott MIT15-17 in singlecrystalline VO2 nanobeams. Combined electrical, optical, and
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scanned probe investigations reveal that a simple adhesive
interaction between the nanobeam and the substrate leads to
a coherent uniaxial strain on the nanobeam. The resulting
strain causes spontaneous formation of alternating nanoscale
metal (M)-insulator (I) domains along the nanobeam length
and thus produces nanoscale M-I heterostructures within a
compositionally homogeneous material.24 The present study
demonstrates that VO2 nanobeams behave as a onedimensional system for M/I domain organization and that
the spatial periodicity of M/I domains can be modified by
changing the thickness of the nanobeam and the elasticity
of the substrate. As such, it suggests a new strategy for strain
engineering without the need for epitaxial growth.
Single-crystalline VO2 nanobeams were prepared using a
variant of the vapor transport method reported previously
(see the Supporting Information).25 Typical thicknesses of
these nanobeams ranged from 30 to 500 nm, and their lengths
reached more than 50 µm. Figure 1a shows a transmission
electron microscopy image of a representative VO2 nanobeam. Electron (Figure 1a, lower inset) and X-ray diffraction
studies show that the single-crystalline VO2 nanobeams
possess a monoclinic structure at room temperature. The
nanobeam morphology with a rectangular cross section arises
from the preferential growth of VO2 along the monoclinic
[100] direction, with crystallographically equivalent (011h)
and (011) facets forming the sidewalls.25
The Mott MIT in the VO2 nanobeams was studied by
incorporating individual nanobeams into a four-probe geometry using electron-beam lithography and measuring their
electrical characteristics as a function of temperature, T (see

Figure 1. (a) Transmission electron microscopy (TEM) image of
a representative VO2 nanobeam. Upper inset, cross-sectional
scanning electron microscopy (SEM) image of a VO2 nanobeam
as grown on a SiO2 surface. Lower inset, selected area electron
diffraction (SAED) pattern indexed for monoclinic VO2 along the
[12h2] zone axis. The SAED pattern remains unchanged as the
electron beam spot moves along the nanobeam, indicating that the
whole nanobeam is a single crystal. (b) Resistance of a suspended
VO2 nanobeam measured in a four-probe geometry as a function
of temperature. Red and blue curves are taken during heating and
cooling, respectively. Upper inset, SEM image of the device with
a VO2 nanobeam suspended by ∼200 nm from the SiO2 surface.
Schematic cartoons indicate the crystal structures of the lowtemperature, monoclinic (left), and high-temperature, tetragonal
(right) phases. Blue indicates V atoms, and magenta indicates O
atoms. The unit cell is shaded in each case.

the Supporting Information). Two distinct types of devices
have been fabricated: in the first type, “suspended devices”
(inset of Figure 1b), an individual VO2 nanobeam is
suspended from the substrate by metal electrodes,26 whereas
in the second type, “on-substrate devices” (inset of Figure
2a), a nanobeam is in contact with the SiO2 substrate
throughout its length.
Figure 1b shows a plot of the four-probe resistance versus
T obtained from a suspended nanobeam device. The resistance of the device changed by a factor of >104 at TC,bulk ≈
68 °C and exhibited a clear hysteresis during the temperature
cycle. These characteristics are prototypical signatures of a
first-order MIT15 and were observed in more than 30
suspended nanobeam devices studied to date. Notably, the
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Figure 2. (a) Resistance of an on-substrate VO2 nanobeam
measured in a four-probe geometry as a function of temperature.
Red and blue curves are taken during heating and cooling,
respectively. Inset, SEM image of the on-substrate VO2 nanobeam
device. The height and width of this nanobeam are 100 and 210
nm, respectively. (b) Resistance profile along the nanobeam length
obtained from the same device as in Figure 2a using Kelvin probe
microscopy (KPM) at selected temperatures indicated in Figure 2a.
The shaded areas on the sides indicate the electrode. On the curves
in b, regions with steeper gradient are insulating (I) domains. In
curve C, a new I domain appeared at the distance of ∼1.7 µm,
next to but separated from the existing I domain. Inset, a schematic
of KPM applied to a four-probe device. V is the DC bias applied
to the nanobeam, I is the current, Vfp is the measured four-probe
voltage drop between the inner electrodes, and Vtip is the voltage
applied to the cantilever (the sum of an AC signal at the cantilever
resonance frequency and a DC voltage applied by the feedback
loop).

resistance changes signifying the MIT in these devices
occurred within a temperature range <0.1 °C in both the
heating and cooling half cycles, much sharper than the >1°C
range observed in VO2 thin films.19,27,28
Devices fabricated with VO2 nanobeams lying on SiO2
substrates exhibited markedly different resistance behavior
upon temperature cycling, as illustrated in Figure 2a. The
four-probe resistance of such an on-substrate device changed
in many discrete steps over a much wider temperature range
during heating and/or cooling half cycles. Essentially all
(>100) on-substrate devices exhibited similar resistance
jumps with various sizes and temperature positions. For a
given device, the sizes and positions of the resistance jumps
Nano Lett., Vol. 6, No. 10, 2006

were reproducible in subsequent thermal cycles and were
independent of the T ramping rate (2 °C/min to 60 °C/min).
Figure 2b shows the temperature dependence of the
resistance profile along the nanobeam length measured from
the same device as in Figure 2a by Kelvin probe microscopy
(KPM: see the Supporting Information).29 Because of the
capacitive coupling between the scanning tip and the
nanobeam/electrode system, the effective potential (and hence
the resistance profile) recorded by KPM is a weighted
average of the surface potential from regions directly below
the tip and those farther away.30,31 Because of this lateral
averaging effect, Figure 2b can only be used to distinguish
domains with distinct resistivities relative to each other, and
the absolute values of the slopes are not an accurate
representation of the domain resistivity. At high temperatures
(T > 65 °C), the resistance profile across the device was
flat, indicating that the whole nanobeam was metallic.
Whenever the four-probe resistance increased by a step in
Figure 2a, a new, highly resistive region appeared along the
nanobeam length, signifying the formation of a new insulating (I) domain. Figure 2b also shows that metallic (M)
domains persist at temperatures well below TC,bulk (even down
to room temperature), indicating the variation of phase
transition temperatures (TC) along the nanobeam length.
Again, the positions of the M and I domains remained the
same upon repeated temperature sweeps in a given device.
The MIT in VO2 nanobeams can also be investigated
without metal contacts by optical microscopy, exploiting the
distinct light scattering properties of M and I phases. 11,20,21,23
Optical imaging of suspended nanobeam devices exhibited
an immediate color change from bright (dark) to dark (bright)
upon the abrupt resistance decrease (increase) at the MIT,
allowing the identification that the bright (dark) color
corresponds to the I (M) phase (see the Supporting Information). The suspended nanobeams did not show any domain
structure. Figure 3a shows an optical micrograph of as-grown
VO2 nanobeams on a SiO2 surface recorded at T ) 100 °C.
Each nanobeam exhibited a striking periodic bright-dark
pattern that persists between ∼70 °C and ∼150 °C. As the
temperature was raised (lowered), the dark (bright) domains
grew in size along the nanobeam length. At T < 70 °C the
nanobeams were all bright, whereas at T > 150 °C they were
all dark. The positions of these domains remained highly
reproducible upon repeated thermal cycling.
Comparison of Figure 1 with Figures 2 and 3 clearly shows
that the nanobeam-substrate interactions affect the MIT in
VO2 nanobeams profoundly, causing the modification of their
thermodynamic stability as well as spontaneous M-I domain
formation. These observations can be understood by considering the structural change accompanying the MIT: as
VO2 changes from a tetragonal M to a monoclinic I phase,
the lattice constant along the tetragonal c axis (or equivalently
the monoclinic a axis) expands by ∼1%.20 Consequently, a
tensile (compressive) stress along the tetragonal c direction
stabilizes the I (M) phase, leading to the upward (downward)
shift of the phase transition temperature, TC.27,28
The observation of the I phase well above TC,bulk in Figure
3a is thus consistent with the tensile stress on as-grown VO2
Nano Lett., Vol. 6, No. 10, 2006

Figure 3. (a) Bright (left) and dark (right) field optical images of
VO2 nanobeams grown on a SiO2 surface recorded at T ) 100 °C
during cooling in air. (b) Schematic diagram showing the periodic
domain pattern of a VO2 nanobeam strained on a SiO2 substrate.
Blue and red correspond to tensile and compressive strain,
respectively. “M” denotes metallic phase, and the unlabeled
intervening regions are I phase. (c) Spatial periods (λm) of the
domain patterns as a function of the nanobeam thickness (t) for
VO2 nanobeams embedded in SiO2 and Al2O3. Solid lines present
the result of the theoretical fit described in the main text. The
embedded nanobeam samples were prepared by first growing VO2
nanobeams on SiO2 and Al2O3 substrates and then covering them
with ∼100 nm SiO2 and Al2O3, respectively. The nanobeam
thicknesses were determined by atomic force microscopy before
the SiO2 and Al2O3 coating, and λm was determined by optical
imaging. All experimental data were taken at T ) 100 °C during
the cooling half cycle. At this temperature, the M and I phases
coexisted in equal fraction.

nanobeams arising from the mismatch of thermal expansion
between VO2 and SiO232 at the growth temperature of 1100
°C (see the Supporting Information). Moreover, the periodic
domain pattern in Figure 3a indicates that the adhesion
between the as-grown nanobeams and the substrate is
homogeneous along the nanobeam. By contrast, in onsubstrate devices the temperature range in which the domain
patterns appeared varied from device to device, and the
domain patterns were irregular: these variations are most
likely due to the fact that the nanobeams were mechanically
transferred to the substrate during the device fabrication
process and thus the stress distribution felt by the nanobeam
was not uniform. In both cases, the locations of M-I
domains are most likely determined by the specifics of the
nanobeam-substrate interactions.
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The periodic domain pattern seen in Figure 3a is reminiscent of, but much more regular than, those observed in
elastic-misfit heterostructures, such as strained ferroelectrics,2,7-9 epitaxial semiconductor films,33 bulk VO2 single
crystals,10-13 and magnetoresistive complex oxides.14 The
observed domain pattern can be explained by the competition
between the domain-wall energy and the elastic energy of
the nanobeam-substrate system. In these systems, a periodic
domain pattern forms spontaneously during the structural
phase transition because it represents the lowest-energy
compromise between the elastic energy that favors domain
formation and the domain wall energy that opposes it.
The spatial periodicity of the M-I domain patterns in
Figure 3a can be described quantitatively using a model
originally developed for the strained ferroelectric system.9
Because the nanobeam length direction coincides with the
tetragonal c axis, the nanobeam-substrate interaction naturally leads to a significant strain accumulation only along
the tetragonal c direction. Moreover, in the temperature range
between 90 and 110 °C in which the data in Figure 3 were
obtained, the spatial period, λ, of the M-I domain pattern
was not sensitively dependent upon temperature, and the ratio
of the M and I domain lengths was very close to 1. The
situation can therefore be approximated as a VO2 nanobeam
embedded in an elastic matrix with M and I phases coexisting
in equal fraction, and the total energy, E, in unit nanobeamsubstrate interface area is given by9

E(λ) )

λ

∞

∑

π3 j)0

1 - e-2(2j+1)πt/λ
(2j + 1)3

+

γt
λ

+

(fM + fI)t
2

(1)

Here λ is the spatial period of the domain pattern,  ≈ Y(∆c/
c)2/2(1 - ν2) is the volume density of the elastic misfit
energy, Y is the effective Young’s modulus of the system,
∆c/c ≈ 0.011 is the elongation percentage along the
tetragonal c axis of VO2 during the MIT, ν is the Poisson’s
ratio, γ is the domain-wall energy per unit domain-wall area,
t is the nanobeam thickness, and fM and fI are the free energy
densities of the M and I phases, respectively. The first term
in eq 1 represents the elastic energy of a combined VO2substrate system, and the second term accounts for the
domain wall energy. Given the energy expression in eq 1,
the equilibrium domain period (λm) at each t can be
determined by numerical minimization of E(λ). Equation 1
also indicates that λm can be controlled by varying Y of the
substrate.
Figure 3c shows the experimentally determined λm as a
function of t for VO2 nanobeams embedded in SiO2 and
Al2O3, and demonstrates that λm is indeed dependent on t
and the matrix surrounding the nanobeams. The solid lines
in Figure 3c are the results of a simultaneous fit to eq 1 of
both data sets with γ as the only adjustable parameter and
demonstrate that eq 1 provides a good description of
experimental data. In this fit, Y for the VO2-substrate system
was approximated by taking the numerical average for those
of VO2 (Y ≈ 140 GPa)34 and the substrate (Y(SiO2) ≈ 70
GPa 34 Y(Al2O3) ≈ 306 GPa 35) because eq 1 assumes the
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same Y for the nanobeam and the surrounding medium. The
effect of the Y anisotropy on λm is too small to observe in
our experiment. The value of ν was taken to be 0.2, a typical
value in solids, because  does not depend sensitively on ν.
With these approximations, the fit reproduced the experimental λm for both the SiO2 and Al2O3 data and yielded γ )
25 ( 5 mJ/m2. Although γ between the M and I domains in
VO2 has not been measured previously, the value determined
in our fit is comparable to structural domain wall energies
in other oxide systems, such as ∼35 mJ/m2 for the 90°
ferroelectric domain walls in PbTiO3.36
It is important to emphasize one critical difference between
the present nanobeam study and previous thin-film studies:
the periodic domain pattern in VO2 nanobeams is caused by
a simple adhesive, nonepitaxial interaction between the
nanobeam and the substrate. The exact nature of the
nanobeam-substrate interface is not important, as long as
the adhesion is sufficiently strong to prevent sliding from
the substrate. This observation is in clear contrast to previous
single-crystal and thin-film cases where, in the absence of
epitaxial lattice control, disordered domain structures were
observed.3,4,10-13,37 The uniqueness of the present VO2
nanobeam system originates from its geometry and singlecrystallinity: the growth direction and high aspect ratio of
the nanobeams ensures the uniaxial strain along the tetragonal
c direction. Moreover, nanobeams do not support multiple
domain structure along the width and height directions and
thus behave as a one-dimensional system for M/I domain
organization.
The present study demonstrates that a simple adhesive
interaction between the nanobeam and the substrate changes
the relative thermodynamic stability of M and I phases in
VO2 nanobeams and causes the spontaneous formation of
periodic, alternating M-I domain patterns. It also shows that
the spatial periodicity of these domains can be modified by
changing the thickness of the nanobeam and the elasticity
of the substrate. Most importantly, this study suggests that
control over the morphology and growth direction of a singlecrystalline nanostructure may provide a new strategy for
strain engineering without the need for epitaxial growth from
the substrate.
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