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ABSTRACT

Superheating and supercooling effects are characteristic kinetic processes in first-
order phase transitions, and asymmetry between them is widely observed. In materials
where electronic and structural degrees of freedom are coupled, a wide, asymmetric
hysteresis may occur in the transition between electronic phases. Structural defects are
known to seed heterogeneous nucleation of the phase transition, hence reduce the degree
of superheating and supercooling. Here we show that in the metal-insulator transition of
single-crystal VO,, a large kinetic asymmetry arises from the distinct spatial extension
and distribution of two basic types of crystal defects: point defects and twin walls.
Nanometer-thick twin walls are constantly consumed but re-generated during the
transition to the metal phase, serving as dynamical heterogeneous nucleation seeds and
eliminating superheating; On the other hand, the transition back to the insulator phase
relies on nucleation at point defects because twinning is structurally forbidden in the
metal phase, leading to a large supercooling. By controlling the formation, location and
extinction of these defects, the kinetics of the phase transition might be externally

modulated, offering possible routes toward new memory and logic device technologies.



I. INTRODUCTION

Supersaturation is a kinetic phenomenon frequently observed in first-order phase
transitions, in which the low-temperature phase persists above the transition temperature
(superheating) and the high-temperature phase persists below the transition temperature
(supercooling). The degree of superheating is not necessarily equal to that of the
supercooling. For example, a large asymmetry exists in melting / crystallization of
elemental metals ' and water . Asymmetric phase transitions also arise in correlated
electron materials where electronic and structural degrees of freedom are coupled, such
as asymmetric hysteresis in electric conductivity in VO, * * and NdNiO; °, and
magnetization in Ce(FeRu), * 7 and CuMoO, ®, but the microscopic origin remains
elusive. Defects are known to seed heterogeneous nucleation of the structural phase
transition, hence reduce the degree of superheating or supercooling. Here we show that a
large kinetic asymmetry may arise from the distinct spatial extension and distribution of
two basic types of crystal defects: point defects and twin walls. In the structural transition,
the low-symmetry structure mimics higher-symmetry structure at its twin wall °. We
show that such a twin wall can act as a catalyst to dynamically and sustainably nucleate
the high-symmetry structure during the transition; in contrast, the transition back to the
low-symmetry structure relies on nucleation at point defects. The distinct topology and
distribution of twin wall and point defects result in disordered nucleation and coexistence

of electronic phases during heating, but long-range phase ordering during cooling.

Our investigation of the large kinetic asymmetry is based on probing the model
metal-insulator phase transition (MIT) kinetics in twinned and twin-free single-crystal

vanadium dioxide (VO,) microbeams (MBs). Twin walls of the insulator phase in VO,



micro-platelets have recently been discovered to undergo a MIT separately from the bulk
111 The geometry and lattice orientation of our MBs restrict the two phases to coexist
one dimensionally along the MB axis '*. This eliminates the percolation process in MIT

13

in thin films or frustrated domain structures in platelets '°, allowing its initial

nucleation process to be directly, electrically probed. Strain-free VO, undergoes the first-

order MIT at 7.)= 68°C with a drastic change in conductivity and optical reflection a6,

The MIT is accompanied with a structural change from the low-temperature, insulating,
monoclinic phase (M) to the high-temperature, metallic, tetragonal phase (rutile structure,
R) " 1t is known that another monoclinic, insulating structure (M,, differentiated from
the first M phase known as M) can be induced by uniaxial compression perpendicular to
CR 14.15.17 o1 uniaxial tension parallel to cg 1819 The transition from M; to R features a
spontaneous strain of -1% (shrinkage along the cg direction), while the spontaneous strain
is 0.3% (elongation along cg) across the M, to M, transition °. Consequently, according
to the Clapeyron equation, uniaxial compression (or tension) along cr drives the M,
structure toward the R (or M) structure *°. It is established that under white-light
illumination, both M; and M, phases of VO, show a brighter optical reflectivity than the

R phase '%. This provides a convenient way to identify the phase transition temperature

and to image the M/R domain structure.

II. EXPERIMENTAL DETAILS

VO, MBs were prepared using the vapor transport method reported previously. *'

During the high temperature synthesis (~980 °C), these MBs crystallize along the cg
direction with {110} planes as bounding facets on a molten SiO, surface. When cooled

to lower temperatures, the SiO, surface gradually solidifies, mechanically clamping the



VO, MBs onto the SiO, surface. A small percentage of these MBs grow out of the edge
of the Si wafer forming long cantilevers, allowing investigation of the MIT in strain-free
MBs. For electrical measurement, metal electrodes (15 nm Cr and 400 nm Au) were

patterned using standard photolithography and deposited with electron beam evaporation.

Additional bulk point defects were introduced by 3 MeV « particles irradiation
with controlled doses (0.01 ~ 2 x 10'® cm™). The irradiation was performed using a 2.13
MeV He®" beam with current between 40 and 150 nA generated by a Pelletron tandem
accelerator. The ion beam was defocused to an area of 40 mm? to cover the entire sample.
Simulations using the stopping and range of ions in matter (SRIM) software predicted
that the concentration of defects generated by the ion beam is relatively uniform, and the
ions would penetrate the entire thickness of the VO, layer, leaving end of range damage
in the substrate. Electrical and optical measurements were carried out right after each

irradiation experiments to minimize possible aging effects.
I11. RESULTS AND DISCUSSION
(a) Experimental Results

Figure 1 (a) shows the temperature (7) dependence of four-probe resistance (Ryz)
of two types of MB devices: free-standing and substrate-clamped. The free-standing
devices were fabricated with VO, MBs suspended from the substrate 2 Tts Rz shows an
abrupt, single jump down at Tje, upon heating and another abrupt jump up at 7¢o0 upon
cooling, consistent with abrupt change in optical reflection in free-standing MBs. The
superheating and supercooling behavior is symmetric, and the hysteresis width between

Theat and Tioo1 s ~ 13°C in these MBs. The clamped devices, in stark contrast, feature



wide and asymmetric M — R and R — M transitions. The temperature at which Ry
finally drops to the R-phase level is raised from T to ~ 97 °C. This shift in 7. is

expected as the clamping induces uniaxial tensile strain along the MBs '*. What is
striking is the gradual, continuous decrease in Ry during heating contrasted to the
sudden, large jump up in Ryp during cooling. This drastically asymmetric heating-
cooling behavior in clamped VO, MBs is consistent with observations from several other
groups * '%, but no explanations were given. During heating, Ry initially follows an

Arrhenius temperature dependence ( R, o< exp(Eu [k, T )) in the M phase, with E, ~

0.3eV, consistent with previously reported data L2 At T 1 = 62 °C, Ry starts to decrease
more rapidly deviating from the Arrhenius dependence, characterized by small steps
jumping downward (Fig.1(b) inset). This deviation signifies the emergence of the first R
domains that reduce the total resistance. As will be shown later, these first R domains
always nucleate around the twin walls of the M, phase. Unlike in thin films, in the MB
geometry these domains span the entire width of the MB and line up one-dimensionally
along the MB '%. Therefore, the total MB resistance Ry sensitively reveals the nucleation
process of these R domains. Around 7, = 66 °C, Ry jumps up slightly, and then
continues to decrease gradually until a high temperature T3 (= 97 °C) where the entire
MB becomes metallic R phase. The upward jump near 7, is due to the emergence of
domains of M, phase that is three times more resistive than the original M; phase *°.
These M, domains are induced because when the R domains grow sufficiently long, they
impose a strong tensile strain to neighboring M; phase along the nanobeam axis direction
(cr), elastically driving it into the M, phase. But immediately after that, further increase

in temperature causes more M; — R and M, — R transitions, resulting in monotonic and



continuous decrease in total Ry until 73. The smooth Ryp - T curve during heating
indicates small or no superheating for the M — R transition. In contrast, the large
supercooling in the R — M transition indicates that the transition is retarded and limited

by nucleation of the M phase.

Numerous mini-steps exist on the heating Ryz- T curve between 7, and 73. These
steps come from growth of the small R domains and reflect the M/R domain wall pinning
and depinning process along the MB axial direction, akin to the Barkhausen avalanche
associated with magnetic domain growth during magnetization. In percolative VO, thin
films, the distribution of these steps was quantitatively investigated and self-organized
criticality was suggested to explain the behavior *. We find that in clamped VO, MBs
which are effectively an one-dimensional system for the domain dynamics, these mini-
steps distribute as a broad peak (Peak A) between ~100 and 1000 € as shown in Fig.1(b).
The larger Ry steps between 7; and T, distribute as another peak (Peak B) around ~
20kQ, distinctly isolated from the Peak A. The extremely large jumps during cooling are
represented with a distinct peak (Peak C) on the 4Ry distribution, as shown in Fig.1(b).
The isolated distribution of these three peaks reflects that distinct processes are

responsible for these ARz steps.

To elucidate the domain nucleation and expansion process, Fig.2(a) shows
optically imaged domain structure at selected temperatures, which leads to the following
conclusions: i) during heating, the first R domains nucleate at 7; = 63°C at seemingly
random positions; ii) at higher 7, the randomly distributed R domains start to redistribute
correlatively and order themselves; iii) the random R domain edges make an angle of

either ~+65° or 90° to cr, but when the R domains are ordered the angle is always 90°;



and most importantly, iv) during heating the expansion of R domains is smooth and
gradual, yet during cooling the M domains emerge abruptly at periodic positions. It has
been shown that the one-dimensionally ordered M/R domain structure is caused by

12.24 \where the domain

energy minimization of the coherently strained MB/SiO, system
period is determined by a competition between long-range elastic interaction with the
Si0, surface and the positive M/R domain wall energy. Therefore, the random or ordered
distribution of M/R domains signifies a short-range or long-range interaction,
respectively, that governs the energetics of domain formation in the system. In the
homogeneous nucleation theory, the energy barrier in the MIT of VO, is estimated to be
~ 600 eV * based on the M/R domain wall energy '* and the transition latent heat (~
5kJ/mol 2*?%); therefore a homogeneous nucleation is not possible. Hence in both the M
— R and R — M transitions the new phase must nucleate at special sites where the
energy barrier is significantly reduced. The long-range interaction is the elastic coupling
between the MB and the underneath SiO, surface with a characteristic length of the MB
thickness (~um) . Therefore, the nucleation sites in the M — R transition must
distribute with a mean distance comparable to or larger than ~ um so that they appear
random, whereas in the R — M transition much smaller than ~ pum so that they are
statistically uniform. In the following we show that in the M — R transition upon heating,
the nucleation sites are the M-phase twin walls. On the other hand, upon cooling the R —
M transition nucleates at bulk point defects, because the higher-symmetry, R-phase
structure forbids twinning. The point defects have high density but are not as effective as

the twin walls in reducing the homogeneous nucleation barrier. Hence the kinetic



asymmetry in the MIT is an intrinsic effect and microscopically originates from the

crystal structural asymmetry.
(b) Modulating Density of Point Defects

We first explore the role of bulk point defects in the MIT by modulating its
density. This was achieved by irradiation with high-energy o particles at controlled doses,
a standard method to introduce bulk point defects in semiconductors *’. We find that in
free-standing MBs, the transition temperature Ty, 1S reduced and 7T, is nearly
symmetrically increased by the irradiation, as shown in Fig.2(b). In the clamped MBs, in
contrast, at irradiation doses that would greatly reduce supersaturation of free-standing
MBs, the Ry-T dependence in the heating half-cycle remains essentially the same; but
the supercooling in the cooling half-cycle is clearly reduced by the irradiation (Fig.2(c)).
Monte Carlo modeling showed that irradiation with 3MeV o, particles at a dose of 10"
cm™ would generate native point defects (both vanadium and oxygen vacancies and
interstitials) at a density of ~ 10*° cm™. The o particles all completely penetrate through
the um-thick VO, and only leave these point defects as damage in the MBs. The fact that
Theat and Teo01 behave nearly symmetrically suggests that the nucleation barrier in the free-
standing MBs is comparable for the R - M and M — R transitions, and bulk point
defects play quantitatively the same role in reducing the barrier in both transition

directions.
(c) Effects of Twin Walls

Next we investigate the role of twin walls in the MIT. It has been established that

both the M; ' and M, ?° phases are easily twinned under strain due to small energy



penalty of the twin walls and large energy benefit from strain relaxation. In MBs
stretched along the axial cg direction, micro x-ray diffraction (u-XRD) ** and p-Raman **
show that the MBs are in the M, phase and are twinned. In this geometry, only 180° M,
twin walls are stable, with wall planes in {100}r or {010} (i.e., {001}p2 or {100}\2), as

shown in Fig.3(a) and (c). On the other hand, in axially compressed MBs the M, twin
walls may form with two possible orientations ''. The 180° M; twin walls lie in the plane
of {001} (i.e., {201}\) perpendicular to cg, as shown in Fig.3(a) and (b), and the 90°
M, twin walls lie in the plane of {112} (i.e., {4 13}\) making an angle of ~ 66° with
cr. We find that at room temperature, free-standing MBs are always in un-twinned M;
phase and the substrate clamping mostly causes M; twinning. The M; twin walls are
perpendicular to the MB axis from the top view, and distributed sparsely along the MB.
Figure 4(a) shows these M, twins imaged with polarized light reflection. The contrast
could be due to either 180° or 90° M, twins, which the top-view polarized optical
microscope cannot differentiate ''. At higher temperatures, twinned M, phase appears
with M, twin walls parallel to the MB axis and densely packed at a period of ~ 120 nm,
as imaged with SEM in Fig.4(b) and identified with u-XRD . Considering that the M,
phase is favored at tensile strain along ¢y *°, we conclude that high tensile axial strain is

developed at higher temperatures (7> ~75).

It is interesting to note that the first R domains always nucleate around the M;-
phase twin walls, as shown in Fig.4(a). The random distribution of these twin walls along
the MB results in an irregular and sparse pattern of the initial R domains. Upon further
increase in 7, these R domains grow gradually and continuously along cr. During this

process these R domains re-organize their locations and sizes, and become periodic when
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the long-range elastic interaction starts to dominate over the short-range domain
nucleation. During the cooling process, the first M domains appear suddenly at periodic
positions but only after a large supercooling. It should be noted that the initial M; twin
walls are localized and completely consumed after the nucleation of first R domains, but
the M, twin walls are constantly generated during heating. Further growth of the R
domains is mediated by M, twin walls in the neighboring region, which were induced by
tensile strain created by the growth of R domains themselves. A self-sustained M — R
transition process is thus established, nucleated initially at M; twin walls but thereafter
mediated dynamically by M, twin walls. We show formation of such a complicated
M;/M,/R domain structure in Fig.4(c) imaged by atomic force microscope (AFM), where
the different phases can be distinguished by their height and domain periodicity. This is

also consistent with the upward jump prior to 7, in the Ry - T curve in these devices
(Fig.1(a)).
(d) Landau Theory and Phase Field Modeling

The R domains always nucleate out of the M-phase twin walls (either M; or M;).
This is because at the twin walls of the M phases, the crystal structure symmetry is
locally elevated and thus mimics structurally the high-symmetry R phase °. In the

simplest Ginzburg-Landau theory of first-order ferroelastic phase transition, the free

energy can be written as a functional of the order parameter Q °,

22 b C o0 8 (yoy
FQ)== 0"+, 0"+ 0"+ (VO (1)

where oc(T)za-(T—Tc), a>0,b<0,c>0,and g>0. Across a twin wall at x = 0, the

well-known solution for Q is obtained by minimizing F *°,
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sinh(x/w)

Olx)=0..- ;
) \/A+sinh2 (x/w)

)

where w=1/g /(0. [c0? +b/2) is the wall width, and A = (6c0? +3b)/(4c02 +3b). 0

varies from -0, at x =—oo to Q_ at x =+co, and vanishes at the wall (x = 0). It can be
seen that the high-symmetry, paraelastic phase, which is characterized by O =0, is

locally stabilized at the domain wall within a small range of |x| <~ w

The transformation strain along the longitudinal direction in the VO, MBs is
tensile, while along the width direction is compressive. Therefore, when long-range MB-
substrate clamping starts to dominate, domain edge rotation along with domain ordering
is energetically favored. To fully simulate the domain structure evolution, a three-
dimensional phase field model is necessary. We used a 2-4-6 Landau polynomial to
describe the bulk free energy, where the two M, variants were described by the two order
parameters, Q; and Q,,

F(0.0)=]| £(010.)+ T2 (VO,? +-Cle, ~ X, 02el ey~ X Oel) }dv,@

Vv n=1,2 n=1,2 n=1,2
where

1(©,0,)= (T )(Q1 Qf)-%(Qf+Q§)+%(Q12+Q§)3- (4)

In this formula, a, b, and ¢ are normal Landau coefficients calculated from the transition
latent heat. « is the gradient-energy coefficient obtained from interfacial energy of 50
mJ/m”. Cjju 1s the elastic constant which is assumed to be homogeneous inside the VO,

MBs. Lacking of experiment data, our elastic constant for VO, came from first principles
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calculation *°. The system is constructed by a substrate at the bottom, a thin film layer in

the middle, and a gas phase on the top. For the substrate, we assumed the elastic constant

to be isotropic and converted from the Young’s modulus of 70 GPa. 6‘;" is the

transformation strain (or spontaneous strain) for the n-th variant of R to M1 transition.
The mismatch strain was set as €2, = 0.85% along longitudinal direction, and all the other
strain components were zero. An iteration method developed for an inhomogeneous
system was used to obtain the elastic solution>'. The parameters in our simulation are: a
= 2.98x10°J/m’, b= 2.06x10° J/m’, ¢ = 3.35x10° J/m’, k = 5.2x 107" J/m, substrate
Young’s modulus = 70GPa, substrate Poisson ratio = 0.3, C;; =492 GPa, C; =407 GPa,
C4sa =125 GPa, Css = 50 GPa, Ci, = 161 GPa, C;3 = 32 GPa. The system starts with
(001)g oriented M; twins at room temperature. After relaxation at 79°C, 10 °C higher than
the transition temperature, the equilibrium domain structures clearly show two R domains
preferentially nucleating at the twin M, twin walls, as illustrated in Fig.5. The domain
edges make angles of about £ 65° or 90°C to the cg direction, consistent with the
experimental data. Without these twin walls, the phase transition would rely on point

defects to nucleate the new phase, which would result in a high degree of supersaturation.
IV. SUMMARY

In conclusion, we show that in the metal-insulator phase transition in VO,, two
distinct types of structural defects dictate the phase transition kinetics, resulting in a large
kinetic asymmetry of the transition. Extended twin walls serve as a catalyst to
dynamically and sustainably nucleate the metal phase and thus effectively eliminates
superheating, whereas such benefit is absent in the supercooling. Localized point defects

nucleate the new phase in the cooling process but much less effectively than the twin

13



walls. This is expected to be a general effect in first-order electronic transitions involving
structural changes, as both twin walls and point defects exist ubiquitously in single
crystals and epitaxial films of a vast majority of materials. In addition, unlike grain
boundaries which are a result of growth, twin walls could be created, displaced and
erased by post-growth processing such as heating or applying external stress ' *%; point
defects may also be introduced by irradiation and removed by thermal annealing.
Therefore, these structural defects potentially offer a new route to control the kinetics, not
merely the thermodynamics, of electronic phase transitions. It can be envisioned that a

metal or insulator domain can be preferentially and dynamically nucleated and eliminated

at specific locations by controlling the twin wall formation or injecting point defects.
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Fig. 1 Kinetic asymmetry in the metal-insulator transition of VO,. (a) Resistance of a
clamped device and a free-standing device measured at a temperature changing rate of
2°C/min. The resistance of the free-standing device is divided by 10 to add a vertical
offset for clarity. (b) Distinct distribution of resistance steps on the resistance curve
measured from a clamped device. Inset shows a close-up view of the boxed area on the
clamped device curve in (a) where mini-steps can be seen.
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Fig. 2 (a) Optical images of an initially M;-twinned VO, MB recorded during heating
and cooling. M and R phases have bright and dark reflection, respectively. The left end of
the MB is free-standing. Note the gradual/irregular domain formation during heating
versus abrupt/regular during cooling. During cooling the M phase emerges abruptly
within < 1 °C between 75 and 74 °C, and is “born periodic”. (b) Optically determined
transition temperatures of free-standing VO, as a function of 3MeV o particle irradiation
dose. Different symbols represent different samples. The curves are a guide to the eye.
Inset: optical image of a free standing VO, MB before and after the MIT. (c¢)
Temperature-dependent four-probe resistance of a clamped device before and after two
doses of o particle irradiation. The superheating is not affected yet the supercooling is
clearly reduced by the irradiation.
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Fig. 3 The twin wall structure. (a) A schematic illustrating the orientation of 180° and 90°

M, twin walls and of 180° M, twin wall along a MB. (b) Crystal structure of the 180°

twin wall (green dashed line) between two variants of the M, phase viewed along the

#[011]y direction, and of the R phase viewed along the same direction ([1 1 0]). This is

the side-view direction of the MB, while the MB length is along the horizontal cr (or am;)
direction. A small angle of 0.23° exists between the ay axes of the two M, variants. (c)

Crystal structure of the 180° twin wall (green dashed line) between two variants of the

M, phase viewed along the by, direction, and of the R phase viewed along the same

direction (i.e., cr). This is the direction along the MB length. In (b) and (c), small red = O

atoms, large blue and green =V atoms.
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Fig. 4 The twin walls as dynamical nucleation sites for the MIT. (a) An optical image
(top) and polarized image (middle) of a clamped VO, MB showing twinned M; domains
with twin walls (indicated by arrows) perpendicular to MB axis, and the nucleation of R
domains at some of the twin walls upon heating (bottom). (b) SEM images showing
twinned M, domains among R domains in a clamped VO, beam at 70°C with M, twin
walls parallel to the MB axis. (c) Tapping-mode AFM topography images showing
Mio/Mip twin walls at room temperature. At higher temperatures R domains nucleate at
some of the M; twin walls. When the R domains are sufficiently large, they induce
twinned M, phase in the neighborhood whose twin walls in turn mediate the growth of
the R phase. Some of the M, twin walls are highlighted by vertical dashed lines in the top
image, and some of the M, twin walls by horizontal dashed lines in the bottom image.
The cr axis is horizontal. Note that R phase has larger height than both M; and M phases.
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Fig. 5 Phase field modeled domains of bottom constrained VO,. (a) (001)r twins of M,
phase at 25°C. (b) Domain structures after relaxation at 79°C. The M; domain edges
make an angle of about 65° with the cg direction. The yellow and green colors represent
two variants of M phase. The semi-transparent part represent R phase.
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