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Despite extensive studies on the insulator-to-metal transition (IMT) in strongly correlated VOo,
the fundamental mechanism underlying the current-driven IMT in VOs; is still not well understood.
Although it has generally been believed that the mechanism is Joule heating leading to a rise in
temperature to above its normal transition temperature, there are ample experimental evidences
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 isother-
mally via the current-induced electron correlation weakening. We discover that a current with a
large density (~ 10* nA/an) induces a few-nanosecond ultrafast resistive switching, consistent
with experimental measurements. We also construct 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 VO3> and for designing VO3z-based electric switching

devices.

I. INTRODUCTION

The insulator-to-metal transition (IMT) in the
strongly correlated electron system, vanadium dioxide
(VOz2) [1], has been attracting widespread attention; it
not only provides a platform for fundamental scientific re-
search of strong correlation 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], VOz is a metal
with a rutile (R) structure while below T, it turns into an
insulator with a monoclinic (M1) structure, at which the
resistivity, infrared transmission and eigenstrain change
dramatically [11, 12]. Chemical doping [13] or the ap-
plication of a uniaxial stress [14] can stabilize another
monoclinic (M2) insulating phase. The IMT can be in-
duced by various external stimuli including temperature,
strain/stress, doping and light [1, 13-15]. It has been ex-
perimentally demonstrated that the IMT can also be trig-
gered 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 that the initial insulating state changes to the equi-
librium metallic ground state, in the current-driven IMT
the insulating state changes to the nonequilibrium metal-
lic steady state. Two kinetic processes are expected to
take place simultaneously in VO3 when it is subject to an
electric current: the current heats up the system through
Joule heating, and the free carriers injected into the sys-
tem screen the electron-electron repulsion and thus re-
duce the electron correlation [22-24]. The Joule heating
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effect can lead to a rise in temperature to above T, and
thus thermally trigger the IMT. On the other hand, the
correlation weakening effect induced by the current may
delocalize the electrons in the insulating state, thereby
induce the IMT. These two mechanisms are often entan-
gled with each other, complicating the understanding of
the underlying mechanisms for the current-driven IMT.

Many experiments and simulations employing dc bi-
ases and low-frequency voltage pulses seem to suggest
the Joule heating as the main mechanism for the current-
driven IMT [25-29]. For example, using the fluorescence
spectra of rare-earth doped micron-sized particles as lo-
cal temperature sensors, Zimmers et al. found that the
local temperature of the VOs sample reaches the tran-
sition temperature 7. as the IMT is induced by a dc
current [28]. Nevertheless, other experiments showed
that the transition voltage weakly depends on the ther-
mal 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]. Further-
more, it has been found that the application of a voltage
pulse of few volts (accompanied by a corresponding cur-
rent pulse) switches VOg from insulator to metal in few
or tens of nanoseconds [17, 19, 20]. This ultrafast re-
sistive switching can hardly be attributed to the Joule
heating mechanism, since the time scale of the Joule-
heating-induced switching is expected to be at least one
order larger than the time scale of the switching observed
in the experiments [17, 19, 20]. According to these stud-
ies, the ultrafast switching must be driven primarily by
the correlation weakening effect induced by the current.

Despite extensive experimental studies on the current-
induced ultrafast switching, there are still no theoreti-
cal models that can be employed to explore the mecha-
nisms underlying the phenomenon. Recently we formu-
lated a phase-field model to describe the IMT in VOs.
The thermodynamics is described by a Landau potential
as a function of structural and electronic order parame-
ters and free electron and hole densities [32, 33], which
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treats the structural distortion and the electron correla-
tion on an equal footing. It has been successfully ap-
plied to the determination of equilibrium stable states
under strain/stress [32], and under electric fields in an
open circuit configuration [33]. In this work, this model
is further extended to describe the nonequilibrium pro-
cess of the current-driven IMT in mesoscale systems (in
a closed circuit configuration). In particular, we formu-
late a kinetic model and apply it to the investigation of
the current-driven IMT in VO; to explore the possibility
of the IMT entirely arising from the electron correlation
weakening induced by the current, i.e., 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 ultrafast switching
through the correlation weakening effect. We further con-
struct the temperature-current phase diagram and study
the influence of the current on domain walls.

II. METHOD

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

F T, @5 {mi},{pi},n,p] =Fo[T;{mi}, {pi}]
+ F[T, ®; {pi}, n, pl,

which consists of a contribution from the intrinsic VOo
F, and that from additional free carriers F'. Here T is the
temperature, ® is the electric potential, n;,7 = 1,2,3,4
are the structural order parameter fields, u;,71=1,2,3,4
are the spin-correlation order parameter fields (charac-
terizing the magnetic order), and n and p are the free
electron and hole density fields, respectively. n; and p;
explicitly characterize the structural and the electronic
phase transitions during the IMT, respectively: a finite
7; indicates the dimerization of the neighboring V atoms,
and a finite y; indicates the formation of the dynamical
singlet situated on the neighboring V sites and conse-
quently the opening of the energy gap [2-4]. The order
parameters of the different phases are: 71 =n3 # 0,72 =
= 0,pu1 = p3 # 0,p2 = pa = 0,mpr < 0,m3us <0
(and other symmetry-related values) for the M1 phase,
m # 0,me =mn3 =m0 = 0,1 # 0,2 = pg = pg =
0,m1 11 < 0 (and other symmetry-related values) for the
M2 phase, and n; = 0,u; = 0,7 = 1,2,3,4 for the R
phase [32]. The detailed form of the intrinsic Landau po-
tential Fy can be found in references [32, 33] and is also
summarized in Appendix A. In the previous work [33]
we employed the Boltzmann statistics commonly used in
semiconductor physics as an approximation to the Fermi
statistics for free electrons and holes. To better charac-
terize the kinetics of the free electrons and holes, here we
use the Fermi distribution to calculate the free electron
and 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 de-
scription of the theory. With this reference and the sim-
plification of one effective parabolic band for each of the
conduction and the valence bands, the electron and hole
densities can be written as

e — Ey/2 + e®
n = NcF1/2 (k}iT ) (13,)
&n— By /2 — e®
= N,F e I 1b
p 1/2 ( kT (1b)

Here the function Fy o(z) = (2/y/7) [;° Ve[l + exp(e —
z)]7lde is the Fermi integral [35]. kp is the Boltz-
mann constant and e is the elementary charge. N, =
2(mikpT/27h?)3/2 and N, = 2(m; kpT/27h?)3/? are the
effective densities of states of the conduction band and
the valence band, respectively, where mz(h) is the effec-
tive mass of the electrons (holes) and & is the Planck
constant over 27 [36]. &, and &, are the (quasi-) chem-
ical potentials of the electrons and the holes, respec-
tively. FEg is the gap and may be directly related to
the spin-correlation order parameters [2-4] Eq({{;}) ~
20213 >, 12 /kgT. (U is the on-site Coulomb repulsion
and po is a dimensionless parameter) [32, 33].

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

F :/ {/On(ﬁc)Tvdn + /Op(ﬁh)Tvdp} dV — K[T;{pi}],

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

g /{kT[/F(n)dH/F(p)dp]
= B
o Y2\ o Y2\,

+ S0+ p) + eBlp - ) fav = BT )]
@)

Here Ff/; represents the inverse function of Fy /, and V' is
the volume. Fj 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 simulation
is not Fj itself, but 0 F;/dp; [see Eq. (3)]. It can be proven
(see Appendix B for the derivation) that 0F}/du; =
nidEg/dp;, where ny = NFyj5[(€eq — Eg/2)/kpT] is the
intrinsic carrier density (§eq is the equilibrium intrinsic
chemical potential of the electrons).

The kinetics of the phase transition is described by
the Allen-Cahn equations for the non-conserved order pa-
rameters 7; and pu; [37],

om; - OF;
at = LnTm, (33)
Omi __p Ok (3b)
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FIG. 1. Schematics of the geometry used in the simulations.
The blue and the gold parts are substrate and electrodes,
respectively. The length of the VO3 sample is L, and is set
to 100 nm in the simulations.

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

on Mon _O0F;
oV ( ; V%)*S’ (4a)
op Myp _ 6F,
8t_v < . V5p>+s, (4b)

where ¢ is the time, L, and L, are constants related to

the interface mobilities, M) is the electron (hole) mo-
bility, and s is the source term representing the electron-
hole recombination process. Note that in Eqgs. (3-4)
the natural variables of Fy are {n;},{u:},T,V,n,p, and
O0F;/on =& and 6Fy/dp = &,.

The source term may have the form s =
K ({#i})(neqpeq —np), where neq = NeF1/2[(§eq — Eg/2+
e®)/kpT] and peq = Ny j2[(—Eeq— Eg/2—e®)/kpT] are
the equilibrium 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 the 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 the 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 >, Uz,
where K is a constant.

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

_v2(I) — e(p - n),
€n€r

where ¢y and €, are the vacuum dielectric permittivity
and the relative dielectric permittivity of VOs, respec-
tively. In the simulations, for Eq. (4) we use the energies
Yo =& — Eg/2 + e® and v, = &, — Eg/2 — e® as the
unknown variables instead of n and p, and obtain n and
p through Eq. (1) after solving for v, and 7.

The boundary conditions are schematically repre-
sented in Fig. 1. The left boundary (z = 0) is connected

TABLE 1. Values of the parameters estimated from experi-
ments. me is the electron mass.

men M, M, Ko L, L, €r
(me) (em?®/Vs) M, (cm®/s)  (cm®/Js) (cm®/Js)

38]  [39]  [34] [34] [15] [24]  [40]
65 0.5 1.2 6.8 x 1077 3.3 x 10™ 2.0 x 10™" 60°

& ¢ varies appreciably with temperature. However we observe

that different values of ¢; have minor influence on the switching
behavior, e.g., the switching times for €; ~ 40 (near room
temperature) and for e, ~ 100 (near 320 K) at temperature
320 K and current density 57.8 nA/nm? differ within 2%.

to the ground, i.e., we have

(I)|:v:0 = 07

’Ye|x=o = 'Yh|w=0 = b1,

where 7,1 is a constant corresponding to a fixed carrier
density np; at the boundary, n|,—¢9 = pls—o = np1. The
right boundary (x = L) has a constant flux. We assume
that the boundary condition for ® at = L corresponds
to a small constant electric field in the electrode Ejctrqs
(we set Fiegraz to 0.001 MV /m). Eventually we have,

—N)|e=1A
(8wq))|a::L + Elctrd2 = M)
€o€r
. Jb2 .
Je|x=L = - 62’ .]h|9c=L = 07

where A is the length of the charge depletion region at
the boundary and is set to 5 nm, j, = —(Mcn/e)dz&e
[in = —(Mnp/e)d,&n] is the electron (hole) flux, and Jpo
is the constant boundary current density. In the simula-
tions we find that different values of Ej.irq2 and A have
minor influence on the results. We assume Neumann
boundary condition for the order parameters 7; and u;
at both boundaries, i.e., (927;)|e=0,L = (Ozfti)|z=0,L =0,
which corresponds to no interaction of the order param-
eters at boundaries.

We estimate the parameters in the model based on
experimental results. To our best knowledge, the hole
mobility in VO3 has not yet been directly measured.
Nonetheless, we estimate the ratio of the electron and
hole mobilities M,/M; =~ 1.2 from the position of the
photocurrent peak in the scanning photocurrent mi-
croscopy measurement [34]. The constant characteriz-
ing the electron-hole recombination rate Ky can be cal-
culated from the free carrier lifetime 7o, ~ 10 us [34]
through the relation Ko = (2njc7en) ! [41], where n. is
the intrinsic carrier density of the insulating phase near
T. (note that Y, 47 ~ 1 in the insulating phase). Sim-
ilarly, L, and L, can be estimated from the character-
ization times of the structural and the electronic phase
transitions 7,, ~ 1 ps [15] and 7, ~ 10 fs [24], by L, ~
[ya(Te —T1)/Te) ' and L, ~ (4U%pdnex,/ksTe) ™, re-
spectively. Here a and T} are the Landau coefficient and
the “Curie-Weiss temperature” of the quadratic term of
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FIG. 2. Simulated temporal evolution of various vari-

ables during the current-driven ultrafast switching in VOq
at T = 320 K, Jpo = 57.8 nA/nm2 and np1 ~ 0.6 per unit
cell. During the process, s (us3) is the same as 11 (u1), and
72 = na = 0 and p2 = pwa = 0. The dashed lines indicate the
positions of the insulator-metal interface at different times.

7n;, 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 I.

III. CURRENT-DRIVEN ULTRAFAST
SWITCHING AND PHASE DIAGRAM

We first investigate the case in which the VO2 sample
has an initial equilibrium M1 phase in the bulk and is
subject to a large current density ~ 10* nA/nm?. This
could be the case in the measurements of the voltage-
pulse-induced ultrafast switching in VOgy [17, 19, 20].
Figure 2 shows the calculated temporal evolution of var-
ious variables at T' = 320 K, Jy,o = 57.8 mA/mm2 and

1408 T T
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FIG. 3. Switching time as a function of the current density

in VO2 at T = 320 K. The line is the hyperbola fit to the
simulation data, At = c¢/Jy2, with the fitted constant ¢ =
412 ns - nA/nm?.

nyp1 ~ 0.6 per unit cell. We find that ny; has minor in-
fluence 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 equilibrium finite values 71 = n3 = 0.76
and p; = pz = —0.84 in the bulk (72 = 74 = 0 and
o = pg = 0), indicating the initial state is a uniform
monoclinic insulator (M1 phase). 71 (n3) and 1 (u3)
then turn to zero from the x = L end, representing
that the rutile metal (R phase) grows from the z = 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 z = L end to the x = 0 end
in ~ 9 ns, yielding a few-nanosecond ultrafast switching.
This is consistent with the 4 ns switching time (scaled
to a 100-nm-long VO4 sample) observed in the voltage-
pulse-induced IMT in VO, at a peak current density on
the order of 10'~2 nA /nm? [17].

Compared to 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 negative
electric potential [6, 33]. The excess carriers screen the
electron-electron repulsion and thus reduce the electron
correlation (the electronic order parameters), thereby
stabilize the metallic phase [22-24]. As the metallic phase
grows, there are net negative charges accumulating at the
insulator-metal interface. The electric potential becomes
flat inside the metallic phase as expected.

The switching time At depends on the current den-
sity. Figure 3 presents At as a function of the applied
current density Jpo, showing that At decreases as Jyz in-
creases. At(Jy2) is well fitted by a hyperbola function,
At = ¢/ Jp2, with ¢ = 412 ns - nA/nm?. Since the metal-
lic phase grows from one end to another, Jyo is then seen
proportional to the average growth speed of the metallic
phase, implying that the switching is controlled by the
carrier dynamics (not the phase transformation dynam-
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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 guide to eyes. The dashed
line represents the discontinuous point. The red dotted line is
the boundary line for the Joule-heating-induced IMT: for Jy2
exceeding this line, the R phase will eventually be induced by
the Joule heating effect (see text).

ics). It can be interpreted by the fact that the charac-
teristic times of the electronic and the structural phase
transitions 7, and 7,, are much shorter than the time
for the carrier density at the metal-insulator interface to
reach the metallic value, 79. 79 can be estimated to be
To ~ do/vp =~ 0.4 ns which is indeed much longer than
7, and 7,, where vo ~ 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 7, and 7, as long
as 7, 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, e.g., At = 0.2 ns at
Jba = 2 x 103 nA/an7 which is comparable to the 0.48
ns switching time (scaled to a 100-nm-long VO4 sample)
found in the voltage-pulse-induced IMT in VO5 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 cur-
rent density phase diagram of VO, under the isothermal
condition. The result is shown in Fig. 4. It should be
noted that any point on the phase diagram corresponds
to a nonequilibrium steady state, not an equilibrium sta-
ble state. Strikingly, the simulation suggests that the
current may induce the M2 phase at low temperatures
(< 298 K). The M2-R phase boundary has a large pos-
itive slope, indicating that a current with large enough
density may eventually drive the M1 phase to the M2
phase even at high temperatures (> 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 surroundings. For the geometry
shown in Fig. 1, we consider that the heat generated
in VOg is mainly dissipated through the substrate. At
steady state, the critical current density for the onset of
the Joule-heating-induced IMT Jj. is simply determined
by the balance between the electric power and the heat
dissipation,

VER _h

o B(Tc - TS)v (5)
where o = 4.6 x 10® S/m is the conductivity of the insu-
lating phase of VO at T, [42], h ~ 6.7 x 105 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 VO5 nanobeam (perpendicular to
the substrate plane), and Ty is the temperature of the
substrate (also considered as the initial temperature of
the VO3 sample). Jj. as a function of Ty from Eq. (5) for
a typical D = 100 nm is also plotted in Fig. 4 as a red
dotted line. Therefore, in a typical 100-nm-thick VO
film/nanobeam on sapphire substrate, the Joule heating
will eventually induce the R phase for Jo exceeding the
boundary line Jy.(Ts). We note that for polycrystalline
VO3, Jj. could be dramatically suppressed due to the
suppressed conductivity.

The critical current density of the M1-R phase tran-
sition increases at elevating temperature, which finally
leads to the presence of a discontinuous point at T, as
shown by the dashed line in Fig. 4. This may be in-
terpreted as follows. The growth of the metallic phase is
driven by the carrier accumulation at the metal-insulator
interface. In the insulator side, a higher temperature (be-
low T.) leads to a higher carrier density, resulting in a
larger current density there. Hence, in order for free elec-
trons to accumulate at the metal-insulator interface at a
higher temperature, the current density must be larger
in the metal side (exceeding the current density in the in-
sulator side). In practice the discontinuous point in the
phase diagram should not present. When the tempera-
ture approaches T¢, Jj. will be smaller than the critical
Jv2 (Fig. 4), meaning that the Joule heating effect con-
trols the IMT there. Thus the critical current density
will practically follow Jj. and drop to zero continuously
when T"— T..

IV. CURRENT-DRIVEN DOMAIN WALL
MOTION

We then examine how the current affects the domain
wall in VOs. The initial configuration is set to a two-
domain structure within the M1 phase, with the domain
wall (twin wall) located at = L/2. This is shown by
the profiles of 73 and pg at ¢ = 0 ns in Fig. 5. The order
parameters of the right domain are 1, =13 = 0.76,12 =
Ne = 0,1 = pu3 = —0.84, o = pg = 0, which is denoted
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FIG. 5. Simulated temporal evolution of various variables
during the current-driven domain wall motion in VO2 at T' =
320 K, Jy2 = 0.0811 nA/nm2 and np1 ~ 0.6 per unit cell.
During the process, 71 (1) has a nearly uniform value 0.76
(—0.84) along the sample despite at the boundaries, and 72 =
na = 0 and p2 = pwa = 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 x = L
boundary is within A £ 5 nm, which justifies this setting of

A

as the variant 1 of the M1 phase. The order parameters
of the left domain are ny = —n3 = 0.76,m2 =14 = 0, 1 =
—us = —0.84, s = pg = 0, which corresponds to a 180°
rotation about the rutile ¢ axis of the variant 1, and is
denoted as the variant 3 of the M1 phase. As can be seen
in Fig. 5, upon the application of a current with a small
density (not adequate to trigger the IMT), the twin wall
between the variant 1 and the variant 3 moves opposite
to the current direction (i.e., —z direction), and finally
moves to the x = 0 end in less than 27 ns, leading to the
vanishing of the variant 3.

The twin wall has a relatively large carrier density,

(0] T T B S BN B
0.000 0.025 0.050 0.075 0.100 0.125 0.150
Joz (NA/NM?)

FIG. 6. Average speed of the twin wall motion from z =
50 nm to z = 0 nm as a function of the current density in
VO3 at T'= 320 K. The line is guide to eyes.

and thus a relatively large conductivity compared to the
interior of the domains. The net charges localized at
the twin wall form an effective dipole oriented along the
direction of the electric field. Due to the same reason
discussed in the current-driven switching, the twin wall
motion speed is insensitive to 7, and 7.

Similar to the current-driven resistive switching, the
current density affects the speed of the twin wall mo-
tion. Figure 6 shows the average speed, v, of the twin
wall motion from z = 50 nm to z = 0 nm as a func-
tion of the current density. v first increases, and then
decreases as the current density increases. It reaches its
maximum at Jpz ~ 0.026 nA/nm? and approaches zero
when Jpo approaches the critical value for triggering the
IMT. The reason why v decreases with increasing Jy2
at large Jyo is as follows. v should be proportional to
the carrier accumulation rate in front of the twin wall,
v o (9¢n)]zo—d/2, Where zo denotes the position of the
twin wall and d is the twin wall thickness. But we have
()ley a2 ~ —2Lje(w0) — jolwo — d/2)]/d, where jo ~
—MnE (E is the electric field). Hence (0;n)|zo—d/2 ~
2Me[n(xo)E(xo) — n(xg — d/2)E(xo — d/2)]/d. From the
Poisson equation, the electric fields at z¢ and xg — d/2
have a relation, 2[E(z¢) — E(xg — d/2)]/d = po/eoer,
where pg < 0 is the net charge density at xo — d/2 [see
(p — n) profile in Fig. 5]. Then we have

o))

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

n(xo)pod
2e06r

We note that this current-driven twin wall motion can-
not be realized via the Joule heating effect, since the
Joule heating effect is symmetric about 4z directions.



V. CONCLUSION

We formulated a phase-field model that takes into ac-
count the structural distortion, the electron correlation
and the free carriers to describe the mesoscale kinetics
of the IMT in strongly correlated VO3;. We applied it to
the investigation of the isothermal current-driven IMT
in VOs. The simulation showed that the free electrons
injected by a current with large density reduce the elec-
tron correlation (electronic order parameter p;) and lead
to a few-nanosecond ultrafast resistive switching isother-
mally. The obtained temperature versus current den-
sity phase diagram indicates that the current may induce
the M2 phase at low temperatures under the isothermal
condition. The current was also shown to be able to
drive the domain wall to move, which could potentially
be employed to transform a multi-domain sample to the
single-domain state. This theoretical framework could be
utilized to simulate other phase transition processes in
mesoscale VO systems subject to various external stim-
uli, and may be extended to other strongly correlated
materials exhibiting IMT.
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Appendix A: expression for Fy

The intrinsic Landau potential Fyy consists of a bulk
energy term fi, and a gradient energy term f, [32, 33],

Fy = / (T {ms L) + Fullms} L))V,

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

a(T — Tl)
2T,
AT - T

=+ (Tcz),ui,ui +

_ DPijki

2

b., Ci
M+ LT+

B
fﬁﬁ+

fo =

Cij 2 4
6 i s

qijkl
MM kb + 21k AL,

+ hnipi 9

where T and T, are the “Curie-Weiss temperatures” of
the structural and the electronic order parameters, re-
spectively, and a, b’s, ¢’s, A, B’s, C’s, h, p’s and ¢’s are
constants satisfying certain symmetry relations [32]. The
FEinstein summation convention is used. We assume an
isotropic form for f, [33, 43],

fe= %(Vm) (Vi) + %(VM) (Vi)

where k’s are positive constants.
Appendix B: derivation of 6F;/u;

Let us first denote the integral in Eq. (2) at ® =0 as
FOl{p;},n,p]. Then by definition F[{i;}] = F°|n pen,-.
Since F; depends on p; only through Eg({1;}), we obtain

6F _ 0K dEg' (B1)
opi OBy du;
We also have
SR GO (0 0P| dn
dE, o dE, S on op — dE,
But (6F°/6Eg)|npen, = mni, and the equilibrium

conditions are (6F°/0n)|n pen, & =
(6F°/6p)|np—n, = &n = —Eoq [33]. We thus have

&eq and

OF;
— =n;.
0E,
The substitution of this equation in Eq. (B1) just gives

the desired relation

SF, dE,
= nNj .

This completes the proof.
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