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Exploring the dynamic responses of a material is of importance to both understanding its funda-
mental physics at high frequencies and potential device applications. Here we develop a phase-field
model for predicting the dynamics of ferroelectric materials and study the dynamic responses of
ferroelectric domains and domain walls subjected to an ultrafast electric field pulse. We discover
a transition of domain evolution mechanisms from pure domain growth at a relatively low field to
combined nucleation and growth of domains at a high field. We derive analytical models for the two
regimes which allow us to extract the effective mass and damping coefficient of ferroelectric domain
walls. The exhibition of two regimes for the ferroelectric domain dynamics at low and high electric
fields is expected to be a general phenomenon that would appear for ferroic domains under other
ultrafast stimuli. The present work also offers a general framework for studying domain dynam-
ics and obtaining fundamental properties of domain walls and thus for manipulating the dynamic

functionalities of ferroelectric materials.

Understanding the ultrafast dynamics of functional
materials is an important research topic for both fun-
damental physics and exploring device applications and
has garnered much interest in recent years [1-9]. New
dynamic phenomena and responses of ferroelectric ma-
terials under ultrafast external stimuli (e.g., pulses or
AC fields) have been discovered, e.g., excitation of GHz
lattice oscillations [10, 11], emergence of new transient
phases [12, 13], and unusual enhancement of multifunc-
tional responses [14-16], which are absent in experiments
at longer time scales. Theoretical understandings on vari-
ous ultrafast ferroelectric phenomena were also developed
using analytical models [17-25] for simple systems at the
continuum scale as well as atomistic simulations [26-37]
for more complex systems at the atomic scale. Mesoscale
models incorporating nanoscale dynamics within com-
plex ferroelectric domain structures while computation-
ally viable to possible larger system scales (e.g. ~ um),
however, have not been established.

In this letter, we extend the phase-field description
of ferroelectric materials [38] to ultrafast time scales
through integrating proper polarization dynamics and
elastodynamics, which yields full spatiotemporal profiles
of GHz-THz dynamics of ferroelectric and ferroelastic
domains while taking into account the mesoscale domain
and wall configurations involving elastic and electrostatic
interactions. As an example, we study the responses of
domains and domain walls in BaTiOg3 crystals to ultrafast
electric field pulses. We model the domain wall dynamics
at different magnitudes of the applied electric field and
develop analytical models for the domain wall motion and
domain switching as a function of the applied field pulse.
Based on the simulation results and analytical models, we
extract effective mass and damping coeflicients of domain
walls. We also construct a domain diagram summarizing
the stable domain states as a function of the strength and

duration of the pulsed field.

In a phase-field model, a ferroelectric domain structure
is described by a combination of the spatial distributions
of the polarization and strain fields. Existing phase-field
models of ferroelectric domain evolution employ the time-
dependent Ginzburg-Landau equation [39, 40] for the re-
laxational kinetics of polarization towards equilibrium
while assuming instantaneous mechanical equilibrium for
the strains. Since these models neglect the inertia and
momentum of domain evolution, they cannot properly
describe the structural oscillations which exist typically
within GHz-THz frequencies [10, 11]. Our analysis of a
single domain under an AC field (see Note S1 of the Sup-
plemental Material) demonstrates that the relaxational
equation for the polarization is no longer valid for tran-
sient processes with a characteristic time ¢ < 100 ns or
dynamics under ultrafast stimuli with a duration or pe-
riod T' < 100 ns. Similarly, the mechanical equilibrium is
usually assumed to be established much faster than polar-
ization evolution, which may not be valid if the external
stimuli are at GHz or higher frequencies. For example, if
we approximate the time that a domain structure takes
to establish its mechanical equilibrium as the time re-
quired for the propagation of mechanical waves across
the whole dimension of the domain structure with the
speed of sound (103-10* m/s in typical solids), the time
scale for establishing mechanical equilibrium is 10-100 ps
for a domain size of 100 nm, comparable to the time
scale of ultrafast processes. To capture the domain dy-
namics under ultrafast stimuli, we extend the phase-field
model by coupling the dynamic equation for polarization
P (x,t) and the elastodynamics equation for mechanical
displacement u (x, t),
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p and y are the mass and damping coefficients of po-
larization evolution. p, 8, and fy, are the material den-
sity, the stiffness damping coefficient, and the external
body force density, respectively. o;; = ciju (4, — €%)
is the stress, where c is the stiffness tensor, € is the
strain, and E?j = Qijx1 P P, is the eigenstrain arising from
electromechanical coupling (Q being the electrostrictive
tensor). For BaTiOs, p1; = 5 x 107 Jm/A2, Y1 =
5x 1072 Jm/ (A%s) [11], p = 6.02 x 10° kg/m®, and
B =6.0x10712 5. The free energy F and other materials
constants are from Refs. [41, 42]. We develop numerical
solutions to Eq. (1) and (2) based on the semi-implicit
Fourier-spectral method [43-45] (see Notes S2-S5 of the
Supplemental Material). Treatment of the thermal fluc-
tuation is described in Note S6 of the Supplemental Mate-
rial. It is noted that similar second-order polarization dy-
namics have been adopted in several existing Ginzburg-
Landau models [22, 46, 47]. Very recently, we showed
that the polarization dynamics given by Eq. (1) success-
fully captured the light-activated structural dynamics in
BaTiOgs by comparing with experimental measurements
[11].

We employ an ultrafast electric field pulse to excite
the dynamic responses of ferroelectric domains and do-
main walls. As shown in Fig. 1(a), a BaTiO3 crys-
tal contains 90° a/c ferroelectric domain walls with a
domain size of 300 nm and a spontaneous polarization
Ps = 0.26 C/m? of each domain. We apply an electric
field pulse E = 1 MV/m parallel to the polarization in
¢ domains with a duration of 5 ns. The polarization re-
sponses APs are shown in the first panel of Fig. 1(b),
indicating that the ¢ domain undergoes a longitudinal
polarization oscillation while the a domain experiences a
polarization rotation towards the field direction. Due to
the larger transverse dielectric permittivity than the lon-
gitudinal one, the A Ps response in the ¢ domain is much
stronger than that in the ¢ domain. Upon turning off the
field, AP5 instantly shows a reversed change and eventu-
ally reaches equilibrium at AP;3 = 0, i.e., polarization of
each domain is mostly recovered.

At the meantime, a sideway motion of the a/c¢ domain
wall takes place with the ¢ domain expanding into the
neighboring a domain, as shown in Fig. 1(c) for the evo-
lution of polarization profile across the domain wall. The
time-dependent domain wall (DW) displacement uPW
and velocity vPW are shown in the second and third pan-
els of Fig. 1(b). The domain wall shifts by a total of
2.7 nm in the whole process. The domain wall veloc-
ity undergoes a rise stage before reaching a maximum
of 0.5 m/s at ¢t ~ 2.5 ns, followed by a decay stage till
t ~ 8 ns after turning off the electric field. Such rise and
decay stages of domain wall motion as well as the polar-
ization oscillation in ¢ domains can only be revealed by

a dynamical phase-field model and are absent in relax-
ational phase-field simulations (see Note S7 of the Sup-
plemental Material).

We next study the effects of the strength and duration
of the electric field pulses on the domain and domain wall
dynamics. It is found that the domain evolution mech-
anisms are different for different ranges of the electric
field strength: E < 2 MV/m, referred to as low field
and E > 2 MV/m, referred to as high field. Under low
fields, the domain structure exhibits pure domain growth
dynamics with ¢ domains expanding towards a domains
through sideway motion of the a/c domain walls, without
altering the overall domain pattern. Figure 2(a) presents
the volume fraction AV of switched a domains under
low fields as a function of pulse duration Tg. AV® shows
an almost linear dependence on both the pulse duration
and the field strength.

To understand this relation, we analyze the domain
wall velocity under a static electric field, as shown in
Fig. 2(b). It is found that the dynamics of the domain
wall almost perfectly resembles the motion of a particle
with an effective mass mPWV and an effective damping
coefficient aPW | i.e., the displacement u®W (¢) of the do-
main wall follows an analytical description
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Thus, the domain wall velocity under a constant field E
applied from t = 0 is

PsE aDW
'UDW = O)W <1 — exp <_Wt>) (4)

with a saturation velocity of v@WV = PsE/aPW. As
shown in Fig. 2(b), the time-dependent velocity under
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FIG. 1. (a) Schematic of a BaTiOs crystal with a/c domains
subjected to an ultrafast electric field pulse. (b) Evolution of
(first panel) the polarization change of each domain as well
as (second panel) the displacement and (third panel) the ve-
locity of the sideway motion of the a/c¢ domain wall, under
an electric field pulse £ =1 MV/m with duration indicated
by the yellow region. (c) Evolution of the polarization profile
across an a/c¢ domain wall.



each field strength can be perfectly fitted to Eq. (4).
oW, mPW and oPW as a function of electric field are
presented in Fig. 2(c)—(d). The high-field data are ob-
tained through fitting the simulated domain wall veloc-
ity (see Fig. S1 of the Supplemental Material) before
the nucleation of new domains (discussed later). While
mPW ~ 0.68 x 1073 kg/m? is almost independent of
the electric field, a change in the field-dependence of
W and oPW occurs at 1 MV/m. At £ < 1 MV /m,
aPW = 0.5 x 10° kg/(m?s) is almost a constant, leading
to a linear field-dependence of vV, consistent with the
experimentally reported linear field-dependence range of
E =0.2-1.4 MV/m [48]. At E > 1 MV/m, oW follows
PV ~ (E/(MV/m))"%% x 0.5 x 10° kg/(m?s), giving
rise to a nonlinear vPW oc E'3 due to an increased in-
stability of the ¢ domain, in agreement with the exper-
imentally reported field-dependence of vP¥W oc E!-3 714
at £ > 1 MV/m for antiparallel BaTiO3 domain walls
[49, 50].

Eq. (3) can be used to predict the domain growth dy-
namics under an ultrafast electric field pulse. The volume
fraction of switched a domains follows

AV® = 2uRY. /D, (5)

where D is the original ¢ domain width, and ugme is the

total domain wall displacement after applying the electric
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FIG. 2. (a) Volume fraction of switched a domains under low
fields as a function of pulse duration, from both the phase-field
model and the analytical model. (b) Velocity of the sideway
motion of the a/c domain wall under static low fields. (c)
(Dots) field-dependence of the saturation domain wall velocity
and fittings to (dashed line) vY"Y o« E for E < 1 MV/m
and (dash-dotted line) v§V o E* for £ > 1 MV/m. (d)
(Squares) effective mass and (circles) damping coefficient of
the domain wall. The gray dotted lines in (¢) and (d) indicate
FE =1 MV/m where a change in the field-dependence of v§™

and a®WV occurs.

field pulse, given by

pw _ PsETE PsE mDPW mDPW
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with the derivation provided in Note S8 of the Supple-
mental Material. aPW (E) and aPW (0) are the damping
coefficients under the field strength F and zero field, re-
spectively. At F < 1 MV/m with a field-independent
PV Eq. (5) reduces to AV® = 2PsETgp/(a®VD),
which explains the linear dependence of AV on both
pulse duration and field strength. As seen in Fig. 2(a),
the low-field AV® from Eq. (5) of the analytical model
shows a perfect agreement with that from the phase-field
model.

Upon increasing the field to E > 2 MV /m, 90° switch-
ing of polarization inside ¢ domains is induced in addi-
tion to the motion of a/c¢ domain walls. This indicates a
critical field for overcoming the energy threshold for an
intrinsic 90° domain switching and for inducing the insta-
bility of a domains (see Note S9 of the Supplemental Ma-
terial). This leads to a transition from the pure domain
wall migration dynamics under low fields to the combined
dynamics of domain nucleation and domain growth under
high fields involving both growth of original ¢ domains
and nucleation and growth of new ¢ domains.

The volume fraction AV* of switched a domains un-
der high fields is presented in Fig. 3(a), showing a non-
linear dependence on the pulse duration Tg. For exam-
ple, at £ = 20 MV/m, upon increasing Tg, AV first
slowly increases for Ty < 0.5 ns and then sharply in-
creases for T > 0.5 ns before a complete switching for
Tk = 0.8 ns. This is due to the existence of an incuba-
tion time, tincun = 0.5 ns, for the activation of nucleation
and growth of new ¢ domains.

The domain structure evolution under £ = 20 MV /m
with Tp = 0.4-0.8 ns is presented in Movies S1-S5 of
the Supplemental Material. For Tr = 0.4 ns, very few
new ¢ domains appear inside ¢ domains, and all of them
eventually shrink and vanish. This is also represented
by the evolution of the average polarization P3, which
eventually decreases after turning off the field [Fig. 3(b)].
Therefore, the structural evolution is dominated by the
a/c domain wall motion. For Ty = 0.6-0.8 ns, new ¢
domains nucleate inside a domains at greatly increased
rates, which then expand and eventually form stable ¢
domains, as is also shown by an increasing P; after the
field is turned off [Fig. 3(b)]. This indicates that the
system gains sufficient energy out of work done by the
external field to activate the nucleation of new ¢ domains,
with an energy threshold estimated to be 0.52 MJ/m3
(see Note S10 of the Supplemental Material). We also
note that the nucleation is thermally activated without
extrinsic effects such as defects or electrodes. The effect



of a thermal field on the high-field domain dynamics is
discussed in Note S11 of the Supplemental Material.
The activation of domain nucleation with tncup, =
0.5 ns also results in various final domain structures de-
pendent on the pulse duration Tg. As shown in Fig. 3(c),
with T < 0.5 ns, the original domain pattern is pre-
served but with displaced domain walls; for Tp = 0.6 ns,
new ¢ domains are formed inside the original ¢ domains;
for Ty = 0.7 ns, a domains start to disappear when pairs
of a/c domain walls moving towards each other meet
and annihilate; for T > 0.8 ns, all « domains are erased
resulting a single ¢ domain. Similar nanosecond domain
switching through nucleation and growth of new domains
under high fields was also experimentally observed [3, 51].
We further show that the fraction of switched a do-
mains under high fields can also be described analytically.
Consider two contributions as follows: AV}, the fraction
of switched a domains in the case with only growth of
the original domains, and AVy', the fraction of switched
a domains in the case with only nucleation and growth
of new domains. Assuming that AV)* and AVy arise
from two independent processes, the combined effect can
be approximated as AV¢ = AV® + AVS — AVFAVS.
AV follows the analytical description of domain growth
[Eq. (5)], where extrapolated values of aPW following
aPW o E703 is used for E > 5 MV/m. By adopting
the Kolmogorov-Avrami-Ishibashi (KAI) model [52] or
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FIG. 3. (a) Volume fraction of switched a domains under high
fields as a function of pulse duration, from both the phase-
field model and the analytical model. (b) Evolution of the
average polarization in the original a domains under electric
field pulses with £ = 20 MV/m and different durations. (c)
Initial domain structure and final domain structures after ap-
plying electric field pulses with £ = 20 MV /m and different
durations. (d) Electric field strength — pulse duration stabil-
ity diagram of the a/c¢ domains. The red and blue dashed
lines are guides to the eyes, following ETr = 0.015 Vs/m
and ETg = 0.29 Vs/m, respectively.

the nucleation-limited switching (NLS) model [53] for do-
main switching through nucleation and growth processes,
we find that AV fits well to the KAI model incorporat-
ing the incubation time ¢j,cyp for a delayed response,

a __ 0, TE < tincub
Ay = {1 —exp (RoEVY"S), Tr > tincun ’

incub T T¢ U(])DW)nJrl - (’f‘ IODW)"JFI (7)

S=(Tp—t
with R and r. being the nucleation rate and the critical
nucleation size, respectively, and n = 2 the dimension
of the system. r. is given by the classical nucleation
theory as 7. = oPWV /(PsE), ePW = 0.03 J/m? being the
domain wall energy from phase-field modeling. We take
tincub o E~1 by assuming a critical impulse Etincup that
provides sufficient energy for domain nucleation.

The simulated AV from the phase-field model under
high fields is fitted to the analytical model, as shown in
Fig. 3(a). Values of tipcup and R are given in Fig. S2
of the Supplemental Material. Note that for ultrafast
switching dynamics, tineun (= 0.5 ns for £ = 20 MV /m)
comprises a significant part of the whole switching pro-
cess. AV? from the analytical model shows a good agree-
ment with phase-field results, validating the understand-
ing of high-field domain dynamics as a combination of
original domain growth and nucleation and growth of
new domains. It is also worth noting that apart from
electric fields, nucleation and growth of ferroelectric do-
mains can also be activated by other external stimuli,
e.g., heat, forces, light, currents, provided that the stim-
uli alter the stability of domains and provide sufficient
energy to stabilize the nucleated domains. Therefore,
the existence of two regimes of domain dynamics under
other ultrafast stimuli with small and large magnitudes
should also be expected, similar to the results reported
here.

The field strength — pulse duration stability diagram
of a/c domains is shown in Fig. 3(d), which summarizes
three possible final domain structures after applying an
electric field pulse: (1) preservation of original a/c do-
main patterns with sideway displacement of domain walls
at low fields and/or short pulse durations (referred to as
Original Domains); (2) formation of new ¢ domains in-
side original a domains at high fields and intermediate
pulse durations (referred to as New Domains); (3) full
erasure of the a domains resulting in a single ¢ domain
at high fields and/or long pulse durations (referred to as
Single Domain).

The boundary of Single Domain approximately fol-
lows a constant pulse area ETg at both its high-field
and low-field ends. The boundary between Original Do-
mains and Single Domain at E < 1 MV/m follows
ETp = 0.29 Vs/m from the linear field-dependence
of domain wall velocity. The boundary between New
Domains and Single Domain at E > 5 MV/m shows
ETg = 0.015 Vs/m, which is determined by the field-



dependent incubation time of 90° domain switching with
tincub o< E~1; similar field-dependent switching time un-
der high electric fields was also experimentally reported
very recently [51]. The transition from the low-field
regime to the high-field one at around 2 MV /m is exhib-
ited by the appearance of New Domains accompanied by
an abrupt shift of the phase boundary towards smaller
Tg. Such a characteristic shift provides a simple way to
experimentally determine the critical transition field in
ferroelectric systems.

In summary, we develop a phase-field model integrat-
ing polarization dynamics and elastodynamics for study-
ing dynamic responses of ferroelectric domains in ultra-
fast transient processes under ultrafast external stimuli.
Simulation results reveal distinctive domain evolution
mechanisms under ultrafast electric field pulses with low
(E <2MV/m) and high (E > 2 MV /m) field strengths.
Analytical models are developed for describing the dy-
namics of domain switching and domain wall motion in
both regimes. The types of new equilibrium domain
structures as a function of field strength and pulse dura-
tion are predicted. The theoretical insights on electric-
field-excited ultrafast domain dynamics achieved in this
work is expected to provide useful guidance to exploring
and manipulating dynamic functionalities of ferroelectric
materials.
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