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Despite extensive studies on the insulator-to-metal transition (IMT) in strongly correlated VO,, the fun-
damental mechanism underlying the current-driven IMT in VO, is still not well understood. Although it
is generally believed that the mechanism is Joule heating leading to a rise in temperature to above the nor-
mal transition temperature, there is ample experimental evidence demonstrating that the transition could
be driven by nonthermal electronic processes. Here we formulate a phase-field model to demonstrate that
the electric current may drive the IMT isothermally via the current-induced electron-correlation weaken-
ing. We discover that a current with a large density (on the order of 10 nA/nm?) induces ultrafast resistive
switching on the order of a few nanoseconds, consistent with experimental measurements. We also con-
struct the temperature-current phase diagram and investigate the influence of the current on domain walls.
This work is expected to provide guidance for understanding the current-driven IMT in VO, and for

designing VO,-based electric switching devices.
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I. INTRODUCTION

The insulator-to-metal transition (IMT) in the strongly
correlated electron system vanadium dioxide (VO,) [1] has
been attracting widespread attention; it not only provides a
platform for fundamental scientific research of strong cor-
relation physics [2—4] but also offers potential novel device
applications such as sensors, Mott field-effect transistors,
and memristors [5-9]. Above the transition temperature
T, = 338 K[10], VO, is a metal with a rutile (R) structure,
while below T, it turns into an insulator with a mon-
oclinic (M1) structure, at which the resistivity, infrared
transmission, and eigenstrain change dramatically [11,12].
Chemical doping [13] or the application of a uniaxial
stress [14] can stabilize another monoclinic (M2) insulat-
ing phase. The IMT can be induced by various external
stimuli, including temperature, strain or stress, doping, and
light [1,13—15]. It has been experimentally demonstrated
that the IMT can also be triggered by an electric voltage
(field), which is of particular interest owing to its potential
application in information technology [6-9,16].

Although the electric field alone (in an open circuit)
can drive the IMT [6,16], the electric current commonly
accompanying the electric field (in a closed circuit) may
also lead to the IMT [17-21]. Unlike in the field-driven
IMT where the initial insulating state changes to the equi-
librium metallic ground state, in the current-driven IMT
the insulating state changes to the nonequilibrium metallic
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steady state. Two kinetic processes are expected to occur
simultaneously in VO, when it is subject to an electric
current: the current heats up the system through Joule heat-
ing, and the free carriers injected into the system screen
the electron-electron repulsion and thus reduce the elec-
tron correlation [22—24]. The Joule-heating effect can lead
to a rise in temperature to above T, and thus thermally trig-
ger the IMT. On the other hand, the correlation-weakening
effect induced by the current may delocalize the electrons
in the insulating state, thereby inducing the IMT. These
two mechanisms are often entangled with each other, com-
plicating the understanding of the underlying mechanisms
for the current-driven IMT.

Many experiments and simulations using dc biases and
low-frequency voltage pulses seem to suggest that Joule
heating is the main mechanism for the current-driven IMT
[25-29]. For example, using the fluorescence spectra of
rare-earth-doped micron-sized particles as local temper-
ature sensors, Zimmers et al. [28] found that the local
temperature of the VO, sample reaches the transition tem-
perature 7, as the IMT is induced by a direct current.
Nevertheless, other experiments showed that the transi-
tion voltage weakly depends on the thermal dissipation rate
and the initial temperature of the VO, sample, indicating
that the IMT is unlikely to be induced by the Joule-
heating effect [30,31]. Furthermore, it has been found that
the application of a voltage pulse of few volts (accom-
panied by a corresponding current pulse) switches VO,
from an insulator to a metal in a few or tens of nanosec-
onds [17,19,20]. This ultrafast resistive switching can
hardly be attributed to the Joule-heating mechanism since
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the timescale of the Joule-heating-induced switching is
expected to be at least 1 order of magnitude greater than
the timescale of the switching observed in experiments
[17,19,20]. According to these studies, the ultrafast switch-
ing must be driven primarily by the correlation-weakening
effect induced by the current.

Despite extensive experimental studies on current-
induced ultrafast switching, there are still no theoreti-
cal models that can be used to explore the mechanisms
underlying the phenomenon. Recently we formulated a
phase-field model to describe the IMT in VO,. The ther-
modynamics is described by a Landau potential as a
function of structural and electronic order parameters and
free-electron and free-hole densities [32,33], which treats
the structural distortion and the electron correlation on an
equal footing. It has been successfully applied to the deter-
mination of equilibrium stable states under strain or stress
[32], and under electric fields in an open-circuit configu-
ration [33]. In this work, this model is further extended to
describe the nonequilibrium process of the current-driven
IMT in mesoscale systems (in a closed-circuit configura-
tion). In particular, we formulate a kinetic model and apply
it to the investigation of the current-driven IMT in VO,
to explore the possibility of the IMT arising entirely from
the electron-correlation weakening induced by the current;
that is, we assume an isothermal situation, which may not
be readily realized in real experiments. We demonstrate
that the current can indeed drive the few-nanosecond ultra-
fast switching through the correlation-weakening effect.
We further construct the temperature-current phase dia-
gram and study the influence of the current on domain
walls.

II. METHOD

The thermodynamics of the IMT in VO, can be
described by a Landau-type potential-energy density func-
tional [32,33],

F T, ®; {n:i}, {ni}, n,p] = FolT; {n:}, { i}l
+ F[T> CI), {Mi}: nﬁp]a

which consists of a contribution from the intrinsic VO,, F),
and a contribution from additional free carriers, F'. Here
T is the temperature, ® is the electric potential, »n; (i =
1,2,3,4) are the structural-order-parameter fields, u; (i =
1,2,3,4) are the spin-correlation-order-parameter fields
(characterizing the magnetic order), and » and p are the
free-electron and free-hole density fields, respectively. n;
and w; explicitly characterize the structural and electronic
phase transitions during the IMT, respectively: a finite n;
indicates the dimerization of the neighboring V atoms, and
a finite w; indicates the formation of the dynamical singlet
situated on the neighboring V sites and consequently the
opening of the energy gap [2—4]. The order parameters of

the different phases are n; =3 £ 0, 9 =n4 =0, u; =
w3 #0, ur = g =0, 141 < 0, and n3u3 < 0 (and other
symmetry-related values) for the M1 phase, n; #£ 0, n; =
m=n4=0, u1 #0, up = u3 = us =0, and Mmp; <0
(and other symmetry-related values) for the M2 phase,
and n; = 0and w; = 0 (i = 1,2, 3, 4) for the R phase [32].
The detailed form of the intrinsic Landau potential F
can be found in Refs. [32,33] and is also summarized in
Appendix A. In previous work [33] we used the Boltz-
mann statistics commonly used in semiconductor physics
as an approximation to the Fermi statistics for free elec-
trons and holes. To better characterize the kinetics of the
free electrons and holes, here we use the Fermi distribution
to calculate the free-electron and free-hole densities.

Since the energy gap opens nearly symmetrically with
respect to the Fermi level of the R phase during the metal-
to-insulator transition [34], we can set the energy reference
to the midpoint of the gap to simplify the description of
the theory. With this reference and the simplification of
one effective parabolic band for each of the conduction
and valence bands, the electron and hole densities can be
written as

£ — Eg/2+ e®
=N.F —_— ), 1
n 1/2 ( iaT (la)
—E,/2 —ed
pomr (B2EL) gy
B

Here the function F,(x) = (2//7) fooo Je[l + exp(e —
x)]"'de is the Fermi integral [35], ks is the Boltz-
mann constant, and e is the elementary charge. N, =
2(mkpT/2h?)*? and N, = 2(m}kpT/2wh?)*/* are the
effective densities of states of the conduction band and the
valence band, respectively, where m (m}) is the effective
mass of the electrons (holes) and 4 is the Planck constant
divided by 27 [36]. &, and &, are the (quasi-) chemical
potentials of the electrons and the holes, respectively. E, is
the gap, and may be directly related to the spin-correlation
order parameters [2-4]: Eo({u;}) ~ 2UPu2 >, u? /kpT.
(U is the on-site Coulomb repulsion and pu( is a dimen-
sionless parameter) [32,33].

The free energy of the free electrons and holes is then
just

n P
F= / [ /O ) vdn + /0 @hmdp] dv — FIT; (i)l.

Using Eq. (1) to eliminate the chemical potentials, one
obtains

n | " D | ?’
F = kgT Fol—)dn F, = )dp
Jlor[ [ () o [t ()

+ %(n +p)+ed(p — n)} dV—Fi[T;{n}].  (2)
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Here F 1_/12 represents the inverse function of F,, and Vis
the volume. F; is the equilibrium intrinsic free energy of
the electrons and holes, and thus F' vanishes at equilib-
rium and zero electric field. F; may have a complicated
form. However, what is directly needed in the simula-
tion is not F; itself but 6F;/5u; [see Eq. (3)]. It can be
proven (see Appendix B for the derivation) that 6 F;/5u; =
nidEg/d;, where n; = N.F5[(6eq — Eg/2)/kpT] is the
intrinsic carrier density (&cq is the equilibrium intrinsic
chemical potential of the electrons).

The kinetics of the phase transition is described by the
Allen-Cahn equations for the nonconserved order parame-
ters n; and w; [37],

on; SF,
i _ _L'I_t’ (3a)
at 57’),
oL SF,
oK _ M_f, (3b)
ot 8/,Ll

and by the Cahn-Hilliard equations (diffusion equations)
for the conserved order parameters n and p [37],

on v Menv(SF, n (4a)
— =V — s, a
ot e on
0 M, SF
P _y (T 4, (4b)
at e dp

where ¢ is the time, L, and L, are constants related to the
interface mobilities, M, (M,) is the electron (hole) mobil-
ity, and s is the source term representing the electron-hole
recombination process. In Egs. (3) and (4) the natural vari-
ables of F; are {n;}, {ui}, T, V, n, and p, and 6F;/6n = &,
and 6F;/6p = &,.

The source term may have the form s = K({1;}) (negPeq —
np), where neq = N.F15[(eq — Eg/2 + e®)/kpgT] and
Peq = NoF1p[(—Ecq — Eg/2 — e®) /kpT] are the equilib-
rium densities of the electrons and the holes, respectively,
and K is the recombination-rate coefficient independent of
n and p. In the insulating phase, K is finite. In the metallic
phase, however, K should be zero: the holes appearing in
the metallic phase in the model are not genuine holes as in
the insulating phase, but rather should be interpreted as an
effective positive-charge background for the free electrons
to achieve charge neutrality, in which case the concept of
electron-hole recombination is not applicable. To account
for this, we assume the symmetry-allowed lowest-order
dependence of K on the electronic order parameters, K =
Ko Y, 12, where K, is a constant.

Equations (3) and (4) are closed by the Poisson equation
for the self-consistent determination of the electric

J,

FIG. 1. The geometry used in the simulations. The blue and
the gold parts are the substrate and electrodes, respectively. The
length of the VO, sample is L and is set to 100 nm in the
simulations.

potential @,
__e(p—n)

€0€y

—-V®

where €y and €, are the vacuum dielectric permittivity
and the relative dielectric permittivity of VO,, respec-
tively. In the simulations, for Eq. (4) we use the ener-
gies Yo =& —E;/24+e® and y, =&, — E,/2 —ed as
the unknown variables instead of » and p, and obtain n
and p through Eq. (1) after solving for y, and y;,.

The boundary conditions are schematically represented
in Fig. 1. The left boundary (x = 0) is connected to the
ground; that is, we have

cI>|x=0 = O,
Ve|x:0 = Vh|x:0 = Wi,

where yp; is a constant corresponding to a fixed carrier
density ny, at the boundary, n|,—9 = p|x=o = np1. The right
boundary (x = L) has a constant flux. We assume that the
boundary condition for ® at x = L corresponds to a small
constant electric field in the electrode Ejcqgr (We set Elcidz
to 0.001 MV/m). Eventually we have

e(p - n)|x=L)\
(axd))|x:L + ElctrdZ = —
€0€r
. Joa .
]e|x:L = _79 ]h|x:L = 09

where A is the length of the charge-depletion region at the
boundary and is set to 5 nm, j, = —(M,.n/e)d.&,. is the elec-
tron flux, j, = —(Myp/e)0d,&y is the hole flux, and Jy, is
the constant boundary current density. In the simulations
we find that different values of Ej.:qp and A have a minor
influence on the results. We assume a Neumann boundary
condition for the order parameters n; and u; at both bound-
aries—that is, (0y7;)|x=0z = (9x/;i)|x=0.L = O—which cor-
responds to no interaction of the order parameters at
boundaries.

We estimate the parameters in the model on the basis
of experimental results. To the best of our knowledge, the

014059-3



YIN SHI and LONG-QING CHEN

PHYS. REV. APPLIED 11, 014059 (2019)

TABLE I. Values of the parameters estimated from experiments.

mt, m; (me)* M, (cm?/V's) M, /M, Ko (cm’/s) L, (cm®/Js) L, (cm?/Js) €
[38] [39] [34] [34] [15] [24] [40]
65 0.5 1.2 6.8 x 10717 3.3 x 1010 2.0 x 101 60

4m, is the electron mass.
b

€, varies appreciably with temperature. However we observe that different values of €, have a minor influence on the switching

behavior; for example, the switching times for €, ~ 40 (near room temperature) and for €, ~ 100 (near 320 K) at a temperature of

320 K and a current density of 57.8 nA/nm? differ within 2%.

hole mobility in VO, has not yet been directly measured.
Nonetheless, we estimate the ratio of the electron and
hole mobilities M,/ Mj, =~ 1.2 from the position of the pho-
tocurrent peak in the scanning-photocurrent-microscopy
measurement [34]. The constant characterizing the
electron-hole recombination rate K, can be calculated from
the free-carrier lifetime 7., ~ 10 us [34] through the rela-
tion Ko = (2nicTep) ! [41], Where ;. is the intrinsic carrier
density of the insulating phase near 7, (note that ), u?
~ 1 in the insulating phase). Similarly, L, and L, can be
estimated from the characterization times of the structural
and the electronic phase transitions, 7, ~ 1 ps [15] and
7, ~ 10 fs [24], by L, ~ [v,a(T. — T1)/T.]" " and L, ~
(AU udnext, [kpT,) ™", respectively. Here a and T; are the
Landau coefficient and the Curie-Weiss temperature of the
quadratic term of n;, respectively (see Appendix A), and
nex &~ 0.08 per V atom is the photoexcited-free-electron
density in the measurement of 7, [24]. The values of the
parameters estimated from experiments are summarized in
Table 1.

III. CURRENT-DRIVEN ULTRAFAST SWITCHING
AND PHASE DIAGRAM

We first investigate the case in which the VO, sam-
ple has an initial equilibrium M1 phase in the bulk and
is subject to a large current density on the order of
10 nA/nm?. This could be the case in measurements of the
voltage-pulse-induced ultrafast switching in VO, [17,19,
20]. Figure 2 shows the calculated temporal evolution of
various variables at 7 = 320 K, Ji, = 57.8 nA/nm?, and
np1 ~ 0.6 per unit cell. We find that n,; has a minor influ-
ence on the profiles of the variables in the bulk and on the
switching time. At ¢ = 0 ns, the structural order parameters
and the electronic order parameters have uniform equilib-
rium finite values n; = n3 = 0.76 and pu; = u3 = —0.84
in the bulk (7, = n4 = 0 and u; = uge = 0), indicating the
initial state is a uniform monoclinic insulator (M1 phase).
11 (n3) and w1 (u3) then become zero from the x = L end,
representing that the rutile metal (R phase) grows from
the x = L end. This is in contrast to the Joule-heating-
induced switching, in which the initial insulator turns into
the metal uniformly due to the uniform heating. The metal-
lic phase spreads from the x = L end to the x =0 end

in approximately 9 ns, yielding a few-nanosecond ultra-
fast switching. This is consistent with the 4-ns switching
time (scaled to a 100-nm-long VO, sample) observed in
the voltage-pulse-induced IMT in VO, at a peak current
density on the order of 10—100 nA /nm? [17].
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FIG. 2. Simulated temporal evolution of various variables dur-
ing the current-driven ultrafast switching in VO, at 7 = 320 K,
Jpp =57.8 nA/nmz, and np; &~ 0.6 per unit cell. During the
process, n3 (u3) is the same as n; (1), and 7, = n4 = 0 and
u2 = a4 = 0. The dashed lines indicate the positions of the
insulator-metal interface at different times.
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FIG. 3. Switching time as a function of the current density in

VO, at T'= 320 K. The line is the hyperbola fit to the simulation
data, At = c/Jy, with the fitted constant ¢ = 412 nsnA/nm?.

Compared with the IMT induced by the photoexcited
electrons in the optical experiments [15,24], the growth
of the metallic phase from the x = L end is driven by
the carrier doping from the carrier injection and the neg-
ative electric potential [6,33]. The excess carriers screen
the electron-electron repulsion and thus reduce the electron
correlation (the electronic order parameters), thereby sta-
bilizing the metallic phase [22—24]. As the metallic phase
grows, net negative charges accumulate at the insulator-
metal interface. The electric potential becomes flat inside
the metallic phase as expected.

The switching time Af depends on the current density.
Figure 3 presents At as a function of the applied current
density Jy,, showing that Ar decreases as Jy,, increases.
At(Jyy) 1s well fitted by a hyperbolic function, At = ¢/Jy,,
with ¢ = 412 nsnA/nm?. Since the metallic phase grows
from one end to another, Jy,; is proportional to the aver-
age growth speed of the metallic phase, implying that the
switching is controlled by the carrier dynamics (not the
phase-transformation dynamics). It can be interpreted by
the fact that the characteristic times of the electronic and
structural phase transitions 7, and t,, are much shorter
than the time for the carrier density at the metal-insulator
interface to reach the metallic value, 7y. 7y can be esti-
mated to be 79 ~ dy/vy ~ 0.4 ns, which is indeed much
longer than 7, and 1,, where vy &~ 13 m/s is the average
growth speed of the metallic phase and dy &~ 5 nm is half
of the interface width (see Fig. 2). This further implies that
the switching behavior is insensitive to t, and 7, as long
as 1, and 7, do not vary by many orders of magnitude.
The fitting function can be used to calculate the switch-
ing time at large current densities; for example, At = 0.2
ns at Jy; = 2 x 103 nA/nm?, which is comparable to the
0.48-ns switching time (scaled to a 100-nm-long VO, sam-
ple) found in the voltage-pulse-induced IMT in VO, at a
peak current density of the same magnitude [19].

Knowing that the current can induce the IMT isother-
mally, we further calculate the temperature-versus-current-
density phase diagram of VO, under the isothermal

—~ 15

Jo2 (NA/NmM?

L e

1 1 M1I 1 1
280 290 300 310 320 330

0.0k

T (K)

FIG. 4. Calculated temperature-versus-current-density phase
diagram of VO,. The dots with error bars are the calculated
points on the phase boundaries (the presence of the error bars
results from the discretely sampled calculation points on the
phase diagram), and the lines are a guide for the eye. The dashed
line represents the discontinuous point. The dotted red line is
the boundary line for the Joule-heating-induced IMT: for Ji,
exceeding this line, the R phase will eventually be induced by
the Joule-heating effect (see the text).

condition. The result is shown in Fig. 4. Any point on
the phase diagram corresponds to a nonequilibrium steady
state, not an equilibrium stable state. Strikingly, the simu-
lation suggests that the current may induce the M2 phase at
low temperatures (below 298 K). The M2-R phase bound-
ary has a large positive slope, indicating that a current with
large enough density may eventually drive the M1 phase
to the M2 phase even at high temperatures (above 298 K).

Nonetheless, in practice the Joule-heating effect may set
a boundary line in the phase diagram, beyond which it
governs the IMT. The criterion for the onset of the Joule-
heating-induced IMT depends on the sample geometry
and heat dissipation to the surroundings. For the geome-
try shown in Fig. 1, we consider that the heat generated
in VO, is mainly dissipated through the substrate. At the
steady state, the critical current density for the onset of
the Joule-heating-induced IMT J). is simply determined
by the balance between the electric power and the heat
dissipation,

Ji  h
_L:_TC_T.S‘) 5
-~ = ) (%)

where 0 = 4.6 x 10° S/m is the conductivity of the insu-
lating phase of VO, at T, [42], h ~ 6.7 x 10° W/Km? is
the effective heat transfer coefficient for a 100-nm-thick
VO, film in contact with a sapphire substrate [27], D is
the thickness of the VO, nanobeam (perpendicular to the
substrate plane), and 7 is the temperature of the substrate
(also considered as the initial temperature of the VO, sam-
ple). Jy. as a function of 7y from Eq. (5) for a typical
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D = 100 nm is plotted in Fig. 4 as a dotted red line. There-
fore, in a typical 100-nm-thick VO, film or nanobeam
on a sapphire substrate, the Joule heating will eventually
induce the R phase for J,; exceeding the boundary line
Jye(Ty). For polycrystalline VO,, J;. could be dramatically
suppressed due to the suppressed conductivity.

The critical current density of the M1-R phase transi-
tion increases at elevated temperature, which finally leads
to the presence of a discontinuous point at 7., as shown by
the dashed line in Fig. 4. This may be interpreted as fol-
lows. The growth of the metallic phase is driven by the
carrier accumulation at the metal-insulator interface. At
the insulator side, a higher temperature (below T7,.) leads
to a higher carrier density, resulting in a larger current
density there. Hence, for free electrons to accumulate at
the metal-insulator interface at a higher temperature, the
current density must be larger at the metal side (exceed-
ing the current density at the insulator side). In practice
the discontinuous point in the phase diagram should not
be present. When the temperature approaches 7, J;. will
be smaller than the critical Jy,; (Fig. 4), meaning that the
Joule-heating effect controls the IMT there. Thus, the crit-
ical current density will practically follow J,. and drop to
zero continuously when 7’ — T.

IV. CURRENT-DRIVEN DOMAIN-WALL MOTION

We now examine how the current affects the domain
wall in VO,. The initial configuration is set to a two-
domain structure within the M1 phase, with the domain
wall (twin wall) located at x = L/2. This is shown by the
profiles of 3 and p3 at = 0 ns in Fig. 5. The order param-
eters of the right domain are n; = n3 = 0.76, 9, = n4 = 0,
w1 = 3 = —0.84, and , = g4 = 0, which is denoted as
variant 1 of the M1 phase. The order parameters of the left
domainare n; = —n3 =0.76, ), =y =0, u; = —pu3 =
—0.84, and p; = pg = 0, which corresponds to a 180°
rotation about the rutile ¢ axis of variant 1, and is denoted
as variant 3 of the M1 phase. As can be seen in Fig. 5, on
the application of a current with a small density (not ade-
quate to trigger the IMT), the twin wall between variant 1
and variant 3 moves oppositely to the current direction
(i.e., —x direction), and finally moves to the x = 0 end in
less than 27 ns, leading to the vanishing of variant 3.

The twin wall has a relatively large carrier density and
thus a relatively large conductivity compared with the inte-
rior of the domains. The net charges localized at the twin
wall form an effective dipole oriented along the direction
of the electric field. For the same reason as discussed for
the current-driven switching, the twin-wall motion speed
is insensitive to 7, and T,,.

Similarly to the current-driven resistive switching, the
current density affects the speed of the twin-wall motion.
Figure 6 shows the average speed, v, of the twin-wall
motion from x =50 nm to x =0 nm as a function of

0.75

n (per unit cell)
o
o
o
Iy

per unit cell)

FIG. 5. Simulated temporal evolution of various variables dur-
ing the current-driven domain-wall motion in VO, at T = 320 K,
Jp2 = 0.0811 nA/nmz, and ny; = 0.6 per unit cell. During the
process, 71 (1) has a nearly uniform value of 0.76 (—0.84) along
the sample except at the boundaries, and 7, = n4 = 0 and u, =
w4 = 0. The dashed lines indicate the positions of the twin wall
within the M1 phase at different times. The range of the finite net-
charge region at the x = L boundary is within 4 £ 5 nm, which
justifies this setting of A.

the current density. First v increases and it then decreases
as the current density increases. It reaches its maximum
at Jy, ~ 0.026 nA/nm? and approaches zero when J,
approaches the critical value for triggering the IMT. The
reason why v decreases with increasing Jy, at large Jy, is
as follows. v should be proportional to the carrier accu-
mulation rate in front of the twin wall, v oc (3;7)|x)—a/2,
where x(, denotes the position of the twin wall and d
is the twin-wall thickness. But we have (9;1)|¢,—a/2 ~
—2[je(x0) — je(xo — d/2)]/d, where jo~ —MnE (E is
the electric field). Hence, (9;7) |xy—a/2 ~ 2M.[n(x0)E (xo) —
n(xg — d/2)E(xo — d/2)]/d. From the Poisson equation,
the electric fields at xo and xo — d/2 have the relation
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FIG. 6. Average speed of the twin-wall motion fromx = 50 nm
to x = 0 nm as a function of the current density in VO, at T =
320 K. The line is a guide for the eye.

2[E(xg) — E(xo — d/2)]/d =~ poy/€o€r, Where py < 0 is the
net charge density at xo — d/2 (see the p — n profile in
Fig. 5). Then we have

vo<|:n(x) n(x d)i|E<x d +
0) — 0= 35 0—5>

The increasing Jy, leads to an increase in E(xo — d/2)
[note that n(xg) — n(xo — d/2) > 0], while the increased
electric field leads to a stronger electron-hole separation
near the twin wall, thus resulting in a smaller py (more
negative). These two competing effects lead to the eventual
drop of v as Jy; increases.

This current-driven twin-wall motion cannot be realized
via the Joule-heating effect since the Joule-heating effect is
symmetric about the x and —x directions.

n(xo) pod
2606,« .

V. CONCLUSION

We formulate a phase-field model that takes into account
the structural distortion, the electron correlation, and the
free carriers to describe the mesoscale kinetics of the IMT
in strongly correlated VO,. We apply it to the investigation
of the isothermal current-driven IMT in VO,. The simu-
lation shows that the free electrons injected by a current
with large density reduce the electron correlation (elec-
tronic order parameter ;) and lead to a few-nanosecond
ultrafast resistive switching isothermally. The temperature-
versus-current-density phase diagram obtained indicates
that the current may induce the M2 phase at low tem-
peratures under the isothermal condition. The current is
also shown to be able to drive the domain wall to move,
which could potentially be used to transform a multi-
domain sample to the single-domain state. This theoretical
framework could be used to simulate other phase-transition
processes in mesoscale VO, systems subject to various
external stimuli, and may be extended to other strongly
correlated materials exhibiting IMT.
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APPENDIX A: EXPRESSION FOR F,

The intrinsic Landau potential F|y consists of a bulk
energy term fj, and a gradient energy term f, [32,33],

Fo = f Us (T nihs (D) + 5 (O, (D1,

where dV is the infinitesimal volume element. f;, can be
constructed from symmetry analysis [32],

a(T—Tv) bij 5 5  Cj 5 4
=2—TC?71"71‘+I77,‘77J +€77i71j

L AT-T)) By

27, Wilki + 2

Jo

C.
Hiw + =i

P
2

qijki
MMy Kkt + =1y ikt

+ hnipi — )

where T} and T, are the Curie-Weiss temperatures of the
structural and electronic order parameters, respectively,
and a, by, c;, A, By, Cjj, h, pjju, and g are constants
satisfying certain symmetry relations [32]. The Einstein
summation convention is used. We assume an isotropic
form for f; [33,43],

K1 K2
Joe = E(Vﬂi) - (V) + 5(Vﬂi) - (Vuy),
where x| and «; are positive constants.

APPENDIX B: DERIVATION OF 6F;/éu;

Let us first denote the integral in Eq. (2) at & =0
as FO[{u;}, n,p]. Then by definition Fi[{;}] = F°|,p—p,.
Since F; depends on u; only through E, ({u;}), we obtain

SF; 8F; dE,
—_— = = (B1)
Sui  Eg du,

We also have

dl’ll‘
np=n; dEg .

8F; _ SF°
SE,  SE,

N <8F° N 5F0>
np=n; on dp

But (8F°/8Eg)|yp—n, = ni, and the equilibrium condi-
tions are (8F°/8n) |y p—n; = Ee = Ecqand (3F°/8p)|npen; =

014059-7
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&y = —&eq [33]. We thus have

SF;
— = n,.
SE,

The substitution of this equation in Eq. (B1) gives the
desired relation

SF; dE,

— =n—.

i dpu;
This completes the proof.
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