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Mechanical strain can induce noteworthy structural and electronic changes in vanadium dioxide, imparting substantial
scientific importance to both the exploration of phase transitions and the development of potential technological applica-
tions. Unlike the traditional rutile (R) phase, bronze-phase vanadium dioxide [VO2(B)] exhibits an in-plane anisotropic
structure. When subjected to stretching along distinct crystallographic axes, VO2(B) may further manifest the axial depen-
dence in lattice–electron interactions, which is beneficial for gaining insights into the anisotropy of electronic transport.
Here, we report an anisotropic room-temperature metal–insulator transition in single-crystal VO2(B) by applying in-situ
uniaxial tensile strain. This material exhibits significantly different electromechanical responses along two anisotropic axes.
We reveal that such an anisotropic electromechanical response mainly arises from the preferential arrangement of a strain-
induced unidirectional stripe state in the conductive channel. This insulating stripe state could be attributed to the in-plane
dimerization within the distorted zigzag chains of vanadium atoms, evidenced by strain-modulated Raman spectra. Our
work may open up a promising avenue for exploiting the anisotropy of metal–insulator transition in vanadium dioxide for
potential technological applications.

Keywords: vanadium dioxide, strain, anisotropy, electrical transport
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Strain plays a crucial role in controlling the electrical,
optical and magnetic properties of strongly correlated mate-
rials by means of coupling various degrees of freedom (i.e.,
lattice, electron and orbital).[1–3] As a conventional strongly
correlated material, vanadium dioxide (VO2) has attracted
tremendous attention for the strain engineering in consequence
of the rich variety of structures, along with its well-known
metal–insulator transition (MIT).[4–6] In the most studied ru-
tile VO2(R), research has demonstrated that epitaxial strain
can influence the MIT behaviors,[7,8] and induce the phase
separation,[9–11] which makes a significant contribution to un-
derstanding the phase transition mechanism. Application of a
sufficiently large tensile strain can induce another monoclinic
(M2) insulating phase, accompanied by the different dimer-
ization of vanadium chains from that reported in the room-
temperature monoclinic (M1) insulating phase.[12] Moreover,
the investigation of critical phenomena in phase transitions can
be facilitated by the in-situ accurate control of strain.[13–16]

Differing from the most studied VO2(R), bronze-phase
vanadium dioxide [VO2(B)] possesses a distinct lattice struc-
ture and physical properties. Such diversities can be at-

tributed to the different distortions and arrangements of VO6

octahedra, as well as the various coordination and dimer-
ization of vanadium atoms. It has been demonstrated that
VO2(B) exhibits a monoclinic metallic state at room temper-
ature and undergoes a MIT below 240 K, characterized by
a first-order thermal hysteresis and the formation of vana-
dium dimers.[17–22] Besides, VO2(B) exhibits a large degree
of structural anisotropy,[23] facilitating the study of anisotropic
electronic transport. As a sensitive means, uniaxial mechani-
cal strain may effectively induce lattice deformation along two
anisotropic directions of VO2(B) and cause profound changes
in its electronic structure, which presents an unparalleled op-
portunity for a deeper understanding of anisotropy physics.

In this work, we report the discovery of a strain-
induced anisotropic MIT in synthesized single-crystal VO2(B)
flakes. We apply uniaxial tension along in-plane anisotropic
axes respectively to present an in-depth comparison of elec-
tromechanical properties. Two crystallographic directions of
VO2(B) exhibit distinctly disparate resistance responses to the
applied mechanical strain. We uncover that the observed dif-
ference may result from a novel dimerization mechanism due
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to the deformation of zigzag chains in the VO2(B) lattice, as
evidenced by the strain-modulated Raman spectra. Our study
provides a new strategy to explore the phase transition mech-
anism in vanadium dioxide.

Monoclinic VO2(B) is a thermodynamically metastable
phase, which belongs to the C2/m space group.[24,25] The
unit cell of VO2(B) exhibits a typical layered-like structure,
as shown in the dashed box of Fig. 1(a). Each layer con-
sists of two sublayers of distorted VO6 octahedra and stacks
with neighboring layers through corner sharing along the [001]
direction, giving rise to a three-dimensional framework. In
the (001) plane (ab plane), two different types of off-centered
VO6 octahedra at V(1) and V(2) atom sites, respectively, share
edges and connect alternately, forming zigzag chains along the
[010] direction (b-axis). The duplex zigzag chain of vana-
dium atoms links to adjacent chains along the [100] direc-
tion (a-axis) via edge-sharing V(2) octahedra of two sublayers,
leading to the pronounced structural anisotropy within the ab
plane. Furthermore, the inherent susceptibility of the zigzag
chains to uniaxial strain renders the VO2(B) single crystal an
ideal candidate for in-depth research into its anisotropic elec-
tromechanical coupling.

The high-quality and pure-phase VO2(B) flakes were
grown on SiO2/Si substrate. A typical single-crystal VO2(B)
sample is demonstrated in Fig. 1(b), which commonly pos-
sesses two parallel long edges. The atomic force microscopy
(AFM) reveals the sample thickness of 36.5 nm and the sur-
face roughness within 0.5 nm, indicating outstanding flatness
and uniformity. To confirm the crystallinity and the crystal ori-
entation, we utilized high-resolution transmission electron mi-
croscopy (HRTEM) to characterize multiple as-grown VO2(B)
flakes. The HRTEM image illustrates the ordered arrange-
ment of vanadium atoms and unequivocally indicates its na-
ture of single crystal [Fig. S1 and Fig. 1(c)]. The correspond-
ing diffraction pattern obtained through fast Fourier transform
(FFT) analysis reveals that the long edge direction is uniformly
perpendicular to the (200) plane, affirming its alignment with
the b-axis.

In order to facilitate the in-situ study of electromechani-
cal properties, we directly transferred the synthesized VO2(B)
flakes (30 nm–60 nm) onto a flexible and insulating poly-
imide membrane, known for its remarkable mechanical re-
silience and thermal stability. Subsequently, we carried out the
standard procedures of electron-beam lithography and deposi-
tion to fabricate two- or four-terminal electrodes, composed
of 5 nm titanium (Ti) and 80 nm gold (Au). The prepara-
tive VO2(B) device was bonded to a custom-made socket and
loaded onto a strain setup, which is based on a pushing-needle
system controlled by a precision positioner (Fig. S2). Ac-
cording to the three-point bending geometry, a uniaxial tensile
strain could be generated on the upper surface of the poly-

imide substrate under the vertical squeeze of the pushing nee-
dle. Further, due to the clamping function of the metal elec-
trodes, strains can be effectively transferred to the VO2(B) de-
vices along various crystallographic directions, as shown in
Fig. 1(d). Consistent with our previous study,[26] the continu-
ously adjustable strain (ε) via substrate bending can be quan-
titatively described as ε = n/(h+w2/h− n), where n is the
polyimide substrate thickness, h is the vertical displacement
of the pushing needle, and w is the half distance between two
PCB supports of the socket.

(b)
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Fig. 1. (a) Lattice structure of a VO2(B) single layer along the [001] di-
rection. The deliberate omission of oxygen atoms situated at the terminals
of VO6 octahedra is aimed at facilitating clearer observation. (b) Optical
image of a single-crystal VO2(B) flake with the thickness of 36.5 nm on
a SiO2/Si substrate. (c) HRTEM image near the long edge of a VO2(B)
flake. The inset shows the corresponding FFT pattern. (d) Schematic of
VO2(B) flexible devices under the uniaxial tensile strain along the b-axis
(top) and the a-axis (bottom), respectively.

We characterized the electromechanical responses of two
VO2(B) devices subjected to various uniaxial tensile strains.
Without any constraint, the device along the zigzag direc-
tion (i.e., b-axis) exhibits a low electrical resistivity of 3.6×
10−3 Ω·cm. As the upward-moving pushing needle bends
the flexible substrate, corresponding to an increase in tensile
strain, the normalized resistance only attains a small value
of 3 at 0.33% strain [Fig. 2(a)]. When a strain of 0.38% is
applied, the normalized resistance ramps up and commences
a linear increase. Ultimately, the resistance amplifies over a
thousand-fold from the original value at 1.31% strain, result-
ing in a transition from an initial metallic state to an insulating
state. In contrast, when the increasing strain is oriented per-
pendicular to the zigzag chains of vanadium atoms (i.e., along
the a-axis), the VO2(B) device shows a significantly different
electromechanical response [Fig. 2(b)]. This device exhibits
an unstrained resistivity of 7.0× 10−3 Ω·cm and a small in-
crement over a broader strain range. Upon reaching 0.95%
strain, the normalized resistance starts to increase rapidly, and
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a dramatic surge from 139 to 1188 occurs within a narrow
strain range of 0.08% (from 0.99% to 1.07%). After the sharp
jump, the resistance, which has a large value, increases grad-
ually with the applied strain. These results are quite distinct
from the piezoresistive effects observed in conventional lay-
ered semiconductors,[27,28] which exhibit linearity along both
anisotropic axes throughout the entire strain range and are gen-
erally attributed to the continuous strain modulation of the
bandgap. Notably, the electromechanical responses of the
above two devices are reversible and repeatable. The observed
disparate dependence indicates the prominent anisotropic re-
sistance response to uniaxial tensile strain, which is considered
as the strain-induced reversible MIT behavior of the VO2(B)
single crystal, as discussed in detail below.

In order to shine a light on the anisotropic electromechan-
ical response and confirm the phase transition under uniaxial
tensile strain, we studied the optical contrast variation and the
simultaneous resistance response in the strained VO2(B) de-
vice. Figure 3(a) presents the evolution of domain patterns
imaged at different labeled strains in the device with the chan-
nel oriented along the b-axis. For visualization, optical im-
ages were obtained using the look-up tables (LUTs) mode of
the high-magnification optical microscope, thereby giving rise
to different levels and highlighting brightness contrast. Be-
low 0.33% strain, the normalized resistance steadily increases
without any discernible optical changes [Fig. S3(a)]. When the
normalized resistance ramps up under 0.41% strain, the sam-
ple shows an abrupt change in optical reflection, with bright
(pink) domains nucleating in the original dark (blue) phase.
The highly stripe-ordered domains are meandering and gen-
erally perpendicular to the channel direction (b-axis). It is
well known that the MIT in vanadium dioxide is generally
accompanied by enormous and sharp changes in the resistiv-
ity and optical properties, as previously reported in VO2(R)
beams or films.[9,16,29] The emerging domains in the strained
VO2(B) single crystal confirm the ubiquity of the stripe state,
signifying the transition from the metallic phase to the insu-

lating phase. As shown in the optical image under 0.52%
strain, while the area of stripy domains expands with increas-
ing strain, triangular domains appear and grow at both long
edges of the device, displaying an adjustable coexistence of
two phases. Finally, all domains almost merge into a single
insulating phase and replace the metallic phase under 0.74%
strain, accompanied by a substantial increase in the normal-
ized resistance with respect to the original value.
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Fig. 2. Normalized resistance as a function of strain for the VO2(B) de-
vices with the conductive channel oriented along the b-axis (a) and the
a-axis (b), respectively. Insets are optical images of four-terminal devices
and the uniaxial tensile strain along the channel direction is labeled as
blue arrows.
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Fig. 3. (a) Series of optical images (in LUTs mode) showing the development of pink insulating domains as the tensile strain along the b-axis
increases. (b) Optical images (in LUTs mode) of stripe-ordered patterns generating and expanding with increasing strain along the a-axis. White
arrows highlight the nucleation of stripy domains. Scale bars in panels (a) and (b) are 10 µm.
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Fig. 4. (a) Raman spectra of a VO2(B) device under incremental strain along its b-axis. (b) Peak positions of the rigid-chain modes (ω1, left) and
the V–O3 vibration mode (ω4, right) as a function of strain, extracted from the red and blue dashed arrows in panel (a), respectively. (c) Raman
spectra of a VO2(B) device under increasing strain along its a-axis. (d) Corresponding peak positions of the rigid-chain modes (ω1, left) and the
V–O–V bending mode (ω2, right) in panel (c) as a function of strain, respectively.

As expected, the evolution of the insulating phase is com-
pletely different in the device along the a-axis. When three
straight stripy domains nucleate at a tensile strain of 0.24%
[Fig. 3(b)], there is no significant change in the normalized
resistance [Fig. S3(b)]. Even though parallel stripes increase
substantially as the strain increases to 0.47%, the normalized
resistance remains relatively low. Upon reaching 0.65% strain,
a dramatic surge in normalized resistance occurs within a nar-
row strain range of 0.04%, with insulating domains occupy-
ing almost the entire conductive channel. Notably, the straight
stripes align parallel to the channel direction (a-axis). Com-
bined with the results from both types of VO2(B) devices, we
reveal the fact that the applied strain preferentially induces
a unidirectional stripe state along the a-axis, closely associ-
ated with the strain-modulated resistance variation. Moreover,
when the tensile strain is released, both samples revert to the
initial metallic phase and all stripy domains disappear. By
stretching the same VO2(B) flake along two orthogonal crys-
tal orientations, we acquire the diagonal stripes slightly tilting
with respect to the a-axis (εb = 0.42%) and the straight stripes
running along the a-axis (εa = 0.47%), which further verify
the strain-induced anisotropic insulating state (Fig. S4).

To gain further insight into the physical origin of the uni-
directional insulating stripy domains present in the strained
VO2(B) flake, we investigated the influence of uniaxial ten-
sion on Raman spectroscopy. As shown in Fig. 4, the Ra-
man spectra of the VO2(B) flakes are partially characterized
by peaks near 104 cm−1, 189 cm−1, 400 cm−1, 460 cm−1,
and 663 cm−1. The observed lowest-frequency peak near
104 cm−1 is attributed to the rigid-chain modes, while the
other characteristic peaks are related to different V–O bond
modes. All these peaks are highly consistent with the Ra-
man signature of monoclinic VO2(B) reported in previous
works.[30–32] With increasing strain along the b-axis, both the
rigid-chain modes (ω1) and the V–O3 vibration mode (ω4) red-
shift linearly, as demonstrated in Figs. 4(a) and 4(b). Simi-
larly, a Raman device shows a noticeable redshift of ω1 un-
der incremental strain along the a-axis, as shown in Figs. 4(c)
and 4(d). It is noteworthy that the strain-modulated redshift of
the rigid-chain modes results from the weakened bonding be-
tween rigid-molecule units, i.e., duplex zigzag chains of vana-
dium atoms.[33,34] Previous studies have shown that the low-
frequency vibration modes for vanadium dioxide are bound
up with the motion of V–V dimers in vanadium chains.[35,36]
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Therefore, we infer that the strain-induced weakened interac-
tion is ascribed to the in-plane V(1)–V(2) dimerization, arising
from the deformation of the zigzag chains under the combined
influence of uniaxial strain and the Poisson effect. This result
contrasts sharply with its low-temperature phase transition, in
which the out-of-plane V(2)–V(2) pairing enhances the inter-
action between adjacent zigzag chains.[17,18] Note that differ-
ent types of dimerization can serve as a distinguishing char-
acteristic between various insulating phases, as prominently
observed in the other two insulating phases (M1 and M2) of
vanadium dioxide.[37]

When uniaxial tensile strain is separately applied along
two orthogonal crystal axes of VO2(B), vanadium atoms fur-
ther deviate from the centers of VO6 octahedra, which en-
hances the hybridization of V 3d orbitals with O 2p orbitals
(p–d hybridization).[7,8] Moreover, similar in-plane dimeriza-
tion induces a band gap near the Fermi level, resulting in the
emergence of an insulating phase characterized by a signif-
icant resistance change and a unidirectional stripe state. As
anticipated, we observe diagonal stripes and triangular pat-
terns (εb = 1.01%), or periodic straight stripes (εa = 1.12%),
in the aforementioned Raman devices (Fig. S5). The morpho-
logical differences in domains may be attributed to the oppo-
site modulation (increasing/decreasing) of the folding angles
of zigzag chains under two in-plane uniaxial strains (b-axis/a-
axis), which affects the tilt angles of the V–V dimers. Ad-
ditionally, in the device along the a-axis, there is no obvious
variation in ω4, whereas the V–O–V bending mode (ω2) ex-
hibits a slight blueshift and the V–O–V stretching mode (ω3)
gradually shifts to a lower frequency as the tensile strain in-
creases. The strain-modulated differences in Raman shifts of
these V–O bond modes are derived from the disparate distor-
tions of VO6 octahedra.

The anisotropic electromechanical response observed
during the MIT could arise from the different spatial distri-
butions of insulating domains within the conductive channel.
When the VO2(B) device is stretched along its b-axis, the nu-
cleated stripy domains, arranged perpendicularly to the chan-
nel direction, can be conceptualized as several large resistors,
which restrict electron motion and cause the channel resistance
to ramp up distinctly. Based on these features, we propose
a series-connection mechanism between the original metallic
areas and the insulating stripy domains. In the coexistence
of metallic and insulating phases, the proportion of domains
gradually scales up with tensile strain, leading to a rapid lin-
ear increase in series-connection resistance. Consequently,
the synchronous transitions observed in the electrical transport
and optical reflection are achieved, and the strain-induced MIT
plays a dominant role in the electromechanical response. On
the other hand, parallel straight stripes approximately divide
the conductive channel into many separate narrow channels in

the stretched VO2(B) device along its a-axis. The persistence
of integral metallic channels with much smaller resistivity ren-
ders the resistance variation insensitive to the nucleation of the
insulating stripe state, precisely conforming to a parallel con-
nection of metallic and insulating resistances. Thus, despite
a marked increase in the quantity of stripes with the applied
strain, the parallel-connection resistance exhibits only a slight
increment. Until the entire VO2(B) flake is almost transformed
into the insulating phase under greater strain, a significant
surge in channel resistance would arise within an extremely
narrow strain range because all narrow metallic channels are
severed by emerging insulating domains.

In summary, we report an anisotropic metal–insulator
transition in strained single-crystal VO2(B) devices. By apply-
ing uniaxial tensile strain along two orthogonal crystal orienta-
tions, respectively, we demonstrate that the electromechanical
response is gradual for the b-axis while transient for the a-axis.
Such an anisotropic feature is ascribed to the strain-induced
phase transition and the preferential arrangement of the uni-
directional stripe state observed in optical reflection. We
also carry out the strain-modulated Raman spectrum measure-
ment and reveal that these insulating stripy domains originate
from the in-plane V(1)–V(2) dimerization within the distorted
zigzag chains of vanadium atoms. The anisotropic electrome-
chanical response of VO2(B) material uncovered in our work
can be utilized for designing orientation-dependent strain sen-
sors and detecting mechanical signals applied along various
directions, holding great promise in wearable and robotic ap-
plications.
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