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ABSTRACT

In this work, we investigate the accumulative polarization (P) switching characteristics in ferroelectric (FE) thin films under the influence of
sequential sub-coercive electric-field pulses. Performing the dynamic phase-field simulation (based on time-dependent Landau-Ginzburg
model) and experimental measurement on Hfy 4Zr 60, (HZO), we analyze the electric field induced domain-wall (DW) motion and the
resultant P accumulation process in FE. According to our analysis, even in the absence of an applied electric field, the DW can potentially
undergo spontaneous motion. Such a DW instability leads to spontaneous P-excitation and relaxation processes, which play a pivotal role in
accumulative P-switching in an FE grain. We show that the extent of such P accumulation increases with the increase in the applied electric
field, increase in excitation time and decrease in relaxation time. Finally, by considering an ensemble of grains with local and global coercive
field distributions, we model the P-accumulation process in a large area HZO sample. In such a multi-grain scenario, the dependency of P
accumulation on the applied electric field pulse attributes follows similar features as that of a single-grain, although the spontaneous
processes (excitation/relaxation) are less prominent in large area sample.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5092707

Ferroelectric (FE) materials, particularly Zr doped HfO,
(Hf,_Zr,0,;HZO"), have drawn significant research interest in recent
times due to CMOS process compatibility,” thickness scalability,” and
many promising attributes of ferroelectric field effect transistors”
(FEFETS) for multiple applications.” * Furthermore, a newly reported
accumulative polarization (P)-switching process” in FE leads to many
appealing opportunities for novel applications’ and computing.” For
such emerging applications of FEFETS, the P-switching dynamics in
response to sub/super-coercive voltage pulse trains play an important
role and are, therefore, critical to understand.

To that effect, this letter analyzes spatially local P-switching
dynamics and its participation in globally observable P-accumulation
characteristics in response to a voltage pulse train. Our analysis is
based on a dynamic phase field model”™” coupled with measured accu-
mulation characteristics of HZO. By providing the spatial distribution
of P (P-map) in different electric field (E-field) excitation and relaxa-
tion steps, we discuss different types of P excitation and relaxation pro-
cesses and their corresponding dependency on E-field (E) amplitude
(E2), ON time (or excitation time T,,,), and OFF time of the pulse
(or relaxation time T,p). Finally, considering a coercive-field distribu-
tion among different FE grains, we analyze the overall P-accumulation
characteristics.

Let us start by describing the experimentally observed trends in
P-switching characteristics in HZO. Figure 1(a) shows the measured
charge vs E-field (Q-E) characteristics of a 10nm HZO film [x= 0.6,
grown by atomic layer deposition (ALD) with the tungsten (W) cap-
ping layer as top and bottom contacts]. Here, Q= P + ¢,E, where ¢ is
the vacuum permittivity. We observe accumulative P-switching in
HZO as the response of successive E-field stimulation [Fig. 1(b)],
where the P-accumulation (P*“) characteristics exhibit a strong depen-
dence on the E-pulse properties. For example, we observe faster P*
with the increase in Epbb, [Fig. 1(c)], increase in T, [Fig. 1(d)], and/or
decrease in T,y [Fig. 1(e)]. Also, P* saturates after a certain number
of pulses. Such saturation occurs at higher P with the increase in Eyfer,
increase in T,,, and decrease in T, It is noteworthy that such accu-
mulated-P observed in the experiments is the average of locally accu-
mulated-P in different grains.'” Hence, to explain the experimental
results described above, it is critical to understand the spatially local P-
switching dynamics in an individual grain. We analyze such processes
in detail based on our phase-field model, calibrated to the experiments.
Note that several sophisticated 2D/3D phase-field models have been
developed for multiaxial ferroelectrics."' '~ However, in this paper,
our motivation is not to develop such a comprehensive model for
HZO, but to establish a physical understanding of the underlying
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FIG. 1. (a) Q-E curves of a 10nm HZO film. (b) Applied E-field pulses showing
pulse-amplitude  (Ef5,), excitation time (T.,), and relaxation time (Top).
Accumulated polarization (P**°) vs number of E-field pulses (j) for different (c)
E;fP.. (d) T, and (e) T Here, the results shown in (a), (c), and (e) are measured
on the same HZO sample (sample: A) and the results shown in (d) are measured
on a different HZO sample (sample: B).

mechanism of accumulative polarization switching based on a simpli-
fied approach.' "

According to recent studies, the origin of ferroelectricity in
HZO has been regarded as the stability of the polar orthorhombic (o)
phase, where the polarization (P) direction is along the c-axis of the o-
phase.'™"” In our model, we assume that the c-axis is parallel to the
film thickness direction (z-axis). This implies that the P direction is
only along the thickness (z-axis). Hence, P, =0, P, =0, and P, # 0. P,
can have a spatial distribution in the x—y plane. However, we assume
uniform P, along the z-axis (dP,/dz = 0) owing to the ultrathin nature
of the film (~10nm). The time-dependent and spatial evolution of
polarization switching can be described by the time (#)-dependent
Landau-Ginzburg (TDLG) equation:q’lg OF/0P,= —p(OP,/0t). Here, p
is the kinetic coefficient and F is the total energy'® of the system.
Considering up to the 6th order terms in Landau’s free energy expan-
sion,'” the normalized representation of the TDLG equation within the
FE is given by the following equation:' "

16,17

OP,

Pn ot

Here, P,(= P./Pc) and E; (= E*/E¢y) are the polarization and
applied E-field normalized with respect to Eq, (coercive field of a non-
interacting lattice, E at dP/dE = 0) and P¢, (P at E = E,), respectively.
Note that the normalized coercive field=1. &, B , and } are the nor-
malized effective Landau coefficients,"*"*! and the calibrated values
are —1.499, +0.498, and 0.001, respectively. Also, p,, is the normalized

= —K!'V?P, — E¥P 4 4P, + P> +7P5. 1)
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kinetic coefficient and K} is the normalized domain-interaction
parameter (equivalent to the gradient energy coefficient). In our simu-
lations, we self-consistently solve Eq. (1) in a real space grid
(Ax=025nm and Ay=0.25nm) by considering the Neumann
boundary at the edges.”” We include a comprehensive discussion on
parameter extraction, normalization, and simulation methodology in
the supplementary material. It is noteworthy that P,, denotes normal-
ized microscopic P in each grid point, while the analogous quantity of
experimentally measured P is the spatial average of P,, denoted as P,,.
Also, KEV?P, can be thought of as the local effective interaction E-
field, E™. Therefore, the P-switching depends on E,” + E™. For
instance, P-switching will occur for |Ej¥ 4+ E™| > 1 (since the nor-
malized coercive field = 1).

In general, P-switching can take place in two different ways,
namely, (i) direct nucleation and (ii) domain-wall (DW) assisted
nucleation. To understand these processes, let us start by considering
the FE sample in Fig. 2(a), where region R1 exhibits P, = +|P,,| and
R2 exhibits P, = —|P,,| and they are separated by a DW within
which P, varies gradually along the x-axis [Fig. 2(b)]. Here, P,,, is the
remanent polarization. In this case, the domain structure is effectively
1D as d°P,/dy* = 0. Note that the considered width (along y-axis) of
the grain is lower than a DW width (~3 nm, for Kj = 1), and there-
fore, a DW formation will not occur in the y-axis direction. Now,
direct nucleation occurs for super-coercive applied fields (|E;”| > 1),
wherein region R2 will switch to +P at once if the E-field is applied for
a sufficient time. On the other hand, DW assisted nucleation (which is
the main focus of this work) is observed for subcoercive applied fields
(|Ei?| < 1), in which E" plays a key role. To explain this, let us con-
sider E;¥ = 0 and static condition (dP,/dt =0). Hence, Eq. (1) can be
written as EM = KjV?P, = &P, + fP3 +5P5. Note that EM is
localized and nonzero only within DW [Fig. 2(c)] (except the DW cen-
ter, at the DW center E™ = 0). Figure 2(d) shows the relation between
EM and P, signifying that the symmetric spatial distribution of P,
provides a symmetric E™ for a 1D DW. Here, the symmetric E
yields a stable and static DW for ExY = 0 by balancing the forces due
to EM™ (oc PE™) on the two sides of the DW. This can also be under-
stood by noting that [E| < 1, which leads to stable DW due to no P-
switching in the absence of an applied E-field. However, by applying a
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FIG. 2. (a) FE structure showing the 1D domain-wall (DW) and spatial distribution
of (b) polarization, P,, and (c) interaction E-field, EIM that shows symmetric E"
distribution in R1 and R2 domains. (d) Static P,-E/™ relation. (e) FE structure show-
ing 2D DW and spatial distribution of (f) Ei" along the x-axis showing asymmetric
E™ distribution in the R1 domain (|E™| > 1 at the inner interface) and R2 domain
(IE™| < 1 at the outer interface).
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subcoercive E-field, 0 < |EZPP | <1, we can get a total local E-field,
|Ei? + E"| > 1, and that can eventually initiate P-switching, Such P-
switching is a spatially local and a gradual process with respect to time,
which is referred to as DW motion or DW assisted nucleation. (For
more details on 1D DW motion-based P-switching, see supplementary
material.)

With the understanding of the 1D DW, let us now examine 2D
DW, for which we analyze two cases by considering a homogeneous
coercive field (case-1) and a distribution of a coercive field (case-2) in
an FE grain. Let us start with case-1 and consider a square FE sample
[Fig. 2(e)] where a circular region R1 exhibits P, = +|P, |, which is
surrounded by R2 with P, = —|P,,|. Here, the DW is 2D, which
implies that the degree of freedom of DW motion is “2.” In this case,
V’P, in the polar coordinate (assuming an angular independence) can
be written as V2P, = [(9?P,/0r*) + (1/r)(OP,/Or)]. Now, a radially
symmetric polarization distribution (P,(r)) with a center of symmetry
at r =/, both 9*P,/0r* and OP,/Or will also be radially symmetric
with the same center of symmetry at r = r’. Here, r =1’ can be
regarded as the center of the DW. However, the 1/r term exhibits a
radial symmetry only with respect to r= 0. Therefore, V>P,, becomes
radially asymmetric for any arbitrary #’ # 0. Consequently, E™
becomes spatially asymmetric [Fig. 2(f)], where |E™| > 1 at the inner
interface and |[E™| < 1 at the outer interface of DW. Such asymmetry
in the E™ causes the DW to undergo an effective inward force
(o< PE™M). Hence, the DW becomes unstable and the R1 region shrinks
spontaneously with time. Such spontaneous phenomena play an
important role in the P-switching dynamics that we discuss subse-
quently. (Note that such a DW instability is in contrast to the 1D case
that we discussed above where symmetric B leads to stable DW).

Let us now consider a sequence of subcoercive E-field pulses
(B ox = Eb. JEco = 0.8) applied to this sample of FE. Simulated
transient P, is shown in Fig. 3(a) and the initial P-map at t=0ns is
shown in Fig. 3(b-i), where the initially switched region (red) can be
assumed as a pinned-type domain. After the arrival of the first E-field
pulse, the R1 domain grows circularly, nucleating new lattices sequen-
tially at the outer edge of the DW [Fig. 3(b-ii)]. This implies an
increase in the R1 area and a decrease in the R2 area by an amount
AAJ+ (j = E-field pulse number). The corresponding P-excitation char-
acteristics [Fig. 3(a-i-ii)] comprise three different components [Fig.
3(0)], ie, type-1: —|P, | to —|Py ¢1] (in R2), type-2: +|P,, | to +|P,, 2|
(in R1), and type-3: —|P,,;| to +|P,,¢2| (leads to AA]+ > 0).

After the end of the first E-field pulse, the DW propagation stops
and the P changes due to type-1 and type-2 excitation components get
immediately relaxed to —|P,, | and +|P,, .|, respectively. We call these
type-1 and 2 relaxations, respectively [Fig. 3(c)]. Similarly, the newly
nucleated area (AA].*) also rapidly get relaxed to +|P, ,| by following
type-2 relaxation. The corresponding transient relaxation in P, can be
seen in Fig. 3(a) [from point ii to ii(a)]. Physically, the type-1 and
type-2 excitation/relaxation components can be understood as the
applied E-field driven soft dielectric™ type capacitive charging/dis-
charging event. Interestingly, followed by such rapid relaxation, there
is another relaxation component that gradually reduces P, until the
arrival of the next E-field pulse {Fig. 3[a-ii(a)-iii]}. Such spontaneous
P-relaxation is the outcome of DW instability (due to E™ asymmetry
we discussed above) that causes spontaneous shrinking of the R1
domain [Fig. 3(b-ii-iii)]. We define the spontaneous decrease in the
R1 area in the absence of the E-field as AA;".

ARTICLE scitation.org/journal/apl

T (©

V@ VU EIh=08
Ton=0.1ps | lf 0
~<_ '[03:0.4145

[ V)

Enbhax=08

S Ton=0.1us

3 TgﬁZOA}AS
1r —

No. of pulses, j

FIG. 3. (a) Simulated transient P, considering case-1 for a sequence of E-field
pulses. Corresponding (b) P-map at points i-vi. (c) Static P, vs Ei** showing differ-
ent stimulated excitation/relaxation components. (d) Increase and decrease in P,
(JATPy,| and |A~P,|, respectively) and accumulated P (P2<) in each excitation/
relaxation sequence with respect to the pulse number (j). Pq vs j for different (e)
Exthax: () Ton, and (9) Topr Here, Egft., = ELE./Eco.

Now, due to sequential E-field pulses, the R1 domain grows grad-
ually and the DW moves further toward the grain boundary by follow-
ing P-excitation (type-1,2,3) and relaxation (type-1,2) sequences. Once
DW reaches sufficiently close to the grain boundary, the R2 domain
becomes very narrow. At this point, it is important to mention that
half of the DW width has P,, < 0 near the R2 region and another half
near the R1 domain has P, > 0. The notation of “half of the DW
width (DW,,)” implies the DW region within which polarization
varies either from “0” to “+|P,,|” (in the Rl side) or from 0 to
“—|P,,” (in the R2 side). Interestingly, at some point, as the DW
approaches the grain edges, the R2 domain can become narrow and
the DW region on the side of R2 becomes less than DW,. In that
case, the variation of P, becomes restricted within the narrower region
than the typical DW,. Therefore, the term V2P, increases within the
R2 domain yielding |[E"| > 1. Therefore, the R2 domain exhibits an
effective outward force which leads to a spontaneous polarization
switching in the R2 domain near the grain edge, as shown in Fig. 3(b-
v-vi). Therefore, when the R2 domain approaches the grain edge,
spontaneous P-relaxation is not observed in the absence of the E-
field (during T,q). Instead, spontaneous P-excitation {Fig. 3[a-
v(a)-vi]} takes place. After all the lattices switch to +|P, |, transient
P, exhibits only type-2 excitation and relaxation.

Let us define the increase in P, during each excitation period
(|ATP,| ). Recall that each |ATP,]| ; consists of three excitation
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components. It can be shown mathematically from Eq. (1) (see supple-
mentary material) that the P change due to type-1 excitation is higher
in magnitude than that due to type-2 excitation [Fig. 3(c)]. Now, with
the increase in the pulse number (), the R1 area increases and the R2
area decreases. Therefore, the contribution from type-2 excitation (in
R1) increases and that from type-1 excitation (in R2) decreases.
Hence, we expect an overall decrease in total excitation (type-1-+2)
with respect to j. Now, for type-3 excitation (corresponding to the R1
area increase during the j-th excitation) AA]+ =n[(r; + cirj)2
—r?| = nldr} + 2r;drj]. Here, r; is the domain radius before the j-th
excitation and dfr; is the increase in radius during the j-th excitation.
Note that a linear increase in dr; with respect to time gives rise to a
quadratic increase in the R1 area. This implies that if we keep the E-
pulse ON for a long time, the P, dynamics will be quadratic with
respect to time [gray lines in Fig. 3(a)]. Similarly, assuming dr; as con-
stant irrespective of the value of j, we can see that 7 x 2rjdrj increases
with j as r; increases. This implies an incremental change in AAj*, and
hence, the type-3 excitation component increases with j. Note that the
type-3 contribution is dominant over type-1+2, and therefore,
|A+Pn|j increase with the increase with j up to j=6 [Fig. 3(d)]. For
j>6, the RI domain reaches the grain boundary and the quadratic
growth of Rl no longer holds true. Hence, type-3 contribution
decreases significantly, leading to the domination of type-1+ 2 excita-
tions and decrease in |[ATP,,| ; with j. After the R2 domain vanishes (or
switched to 4P at j=9), only type-2 excitation is observed.

Similarly, the decrease in P, during each relaxation period
(JA™P,| ;) consists of type-1+ 2 relaxation and a spontaneous compo-
nent. Like type-1+ 2 excitation, type-1+ 2 relaxation decreases as j
increases. However, the spontaneous component (AA;") behaves non-
monotonically with respect to j. AA; (decrease in the Rl area)
changes sign from positive (4) to negative (—) at j =6 as the sponta-
neous component changes from relaxation to excitation characteris-
tics. Therefore, until the spontaneous contribution is relaxation (j < 6),
|A™P,|; decreases with the increase in j. Once the spontaneous contri-
bution leads to excitation (j > 7), |[A™ P,,| ; increases with j and becomes
constant at j = 9 (with only type-2 relaxation in R1).

P,, at the end of each excitation-relaxation sequence, called accu-
mulated polarization (P;), is shown in Fig. 3(a). Note that the change
in P at each pulse is proportional to AAj+ — AA]f. We discussed ear-
lier that AA:™ shows an incremental increase with the increase in 7
whereas AA; exhibits a nonmonotonic change along with a sign
change from “4” to “—”. Therefore, P} initially increases slowly
when AA ;- is + and once AA;~ becomes —, Pi increases rapidly. On
the other hand, the flat region [Fig. 3(a), j>9] in P} signifies an
absence in P-accumulation once the whole sample (or grain)
completely switches to +P.

The trends in P accumulation with respect to the pulse attributes
are illustrated in Figs. 3(e)-3(g). With the increase in the pulse ampli-
tude (Exhax), the R1 domain grows more rapidly (increase in dA™/dt),
leading to faster accumulation [Fig. 3(e)]. Similarly, with the increase
in Ty, AAJ+ increases during each pulse, and therefore, P;* saturates
at a lower j [Fig. 3(f)]. Also, an increase in Tozleads to an increase in
spontaneous relaxation (increase in AA:). Consequently, a larger
number of pulses are required for Pi to saturate [Fig. 3(g)]. Note that
if Eﬁp ,’imx and/or T,, are/is very low, so that (AA]' — AAj’) < 0, then,
rather than accumulation, R1 can get completely relaxed to —P. The
same is true for a high T, Such scenarios can be seen in Figs.
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3(e)-3(g) (gray lines). Note here that we assume the pinned (or ini-
tially nucleated) domain at the center of the grain. However, depend-
ing on the position of the pinned domain, the pulse number (j)
corresponding to the spontaneous relaxation/excitation may vary,
while retaining the overall accumulative nature in P-switching dynam-
ics (see supplementary material).

Now, we consider case-2, where we assume a Gaussian distribu-
tion of the coercive field (E¢) in an FE grain [Fig. 4(a)] by considering
a spatial distribution of &, f5, and 9 (see supplementary material).
Note that E is assumed to be less near the grain boundary [Fig. 4(b)],
which can be understood as the cause of strain relaxation near the
edges.”"*” Like the previous discussion, considering a sequence of E-
field pulses ( Z{’ﬁw = 0.92), simulated P, is shown in Fig. 4(c). Note
that the FE grain was initially switched to —|P,,| [Fig. 4(d-i)].
Therefore, P-switching occurs as a two-step process: (1) E-field
induced nucleation and (2) E-field assisted domain growth. Once the
first E-field pulse arrives, direct nucleation starts from the grain edges
(with lower E¢) and propagates inward [Fig. 4(d-ii)]. After the end of
the E-field pulse, further nucleation stops and type-1-2 relaxation
takes place {Fig. 4[c-ii-ii(a)]} followed by a spontaneous relaxation
{Figs. 4[c-ii(a)-iii] and 4(d-iii)} due to DW instability. However, after
the 3rd pulse (j > 3), spontaneous excitation occurs in the absence of
the E-field {Fig. 4[c-v(a)-vi]}, rather than spontaneous relaxation.
Note that the origin of spontaneous excitation in this case is not the
instability of DW near the grain boundary. In contrast, when two
DWs are sufficiently close (distance being less than the DW width),
then the intermediate domain experiences the addition of two E™
components governed by both the DWs. Therefore, total EM > 1 at
DW interfaces alongside the intermediate domain. Consequently, the
intermediate domain becomes unstable and spontaneously switches to
+ P [Fig. 4(d-v-vi)]. Such spontaneous excitation continues up to
j=4, until all the lattices have switched to +P. The corresponding
|A+P,,|j, |A7Pn|j, and P2 values are shown in Figs. 4(e)-4(h) that
present similar trends like case-1. However, an important difference
between these two cases is stronger spontaneous excitation and relaxa-
tion in case-2 compared to that in case-1 (see supplementary material
for details), which yields relatively abrupt P-switching in case-2.

With the understanding of P-excitation/relaxation processes in
an FE grain, we now analyze the P-accumulation in HZO by consider-
ing an ensemble of grains. The global E distribution for HZO (80 um
x 80 um) is shown in Fig. 5(a), which we extract from the measured
P-E curves (see supplementary material). Then, we use each sampled
E( as the mean value of a local Gaussian distribution of E¢ in a grain
(like case-2). Considering a large number of grains, the global distribu-
tion of E¢ is shown in Fig. 5(a).

By considering a sequence of E-field pulses (for Ejh,., = 0.8, 1.0,
and 1.2), simulated P, and corresponding P4 are shown in Figs. 5(b)
and 5(c). While the signatures of the dynamics of the single grain (dis-
cussed above) are manifested in HZO (ensemble of grains), two
important differences can be observed in HZO: (1) saturation of accu-
mulated P occurs at an intermediate value which increases for higher
EZP P s higher T, and or lower T4 [Figs. 5(c)-5(¢)] and (2) for a long
relaxation time, the overall P does not relax completely [Fig. 5(b): gray
dashed lines]. The former observation is attributed to two processes.
First, grains with low mean Ec switch completely after a sufficient
number of pulses and therefore do not contribute to P accumulation
further, leading to intermediate saturation. Second, grains with
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sufficiently high mean Ec exhibit low initial nucleation for given
E% and T,,. Therefore, given a relaxation time, the grains with
higher E are more likely to relax completely and hence do not partici-
pate in P-accumulation. Now, with the increase in EZP P o and T, ini-
tial nucleation is enhanced, reducing the probability of complete
relaxation in high Ec grains. A decrease in T also has a similar effect
on relaxation. Therefore, a larger number of grains contribute to P-
accumulation, leading to a saturation at higher P [Figs. 5(c)-5(e)]. The
second observation (incomplete relaxation for large T,y) can be attrib-
uted to the completely switching of low mean Ec grains during the
excitation and hence, do not contribute to spontaneous relaxation.
Note that the large distribution of E corresponds to the large area of
our fabricated HZO sample. However, by scaling the area of HZO, a
lower number of grains can be achieved. Therefore, the P-accumula-
tion of a scaled HZO should exhibit a lower number of saturation lev-
els as well as more prominent spontaneous P-excitation/relaxation
characteristics.

In summary, we experimentally demonstrated the accumulative
P-switching in HZO. Then, developing a phase-field model, we discuss
the P-switching dynamics by analyzing different stimulated and spon-
taneous P-excitation/relaxation mechanisms governed by the domain-
domain interaction and DW instability. We attribute the strength and
directional change in DW instability as one of the key factors for
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accumulative P-switching. Finally, considering an inter/intragrain
coercive-field distribution in our simulations, we describe the experi-
mentally observed accumulative P-switching in HZO.

See the supplementary material for experimental calibration,
parameter extraction, derivation of equations, and other relevant
details.

This work was supported, in part, by NSF under Grant No.
1717999.
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Supplementary Section
Phase Field Modeling of Domain Dynamics and Polarization Accumulation in
Ferroelectric HZO
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'Schooll of Electricaland Computer Engineering, Purdue University, West Lafayette, IN, USA
’Department of Electrical Engineering, University of Notre Dame, Notre Dame, IN, USA

Phase-field Model:

The spatial and temporal evolution of polarization (P) can be calculated from the following time-dependent Landau-Ginzburg
(TDLG) equation[1-2].

oF aP

= 1
5P Pt (1)

Here, p is the kinetic or viscosity coefficient, F'is the total systemenergy and ¢ is the time. We assume the polarization direction
is only along the thickness (z-axis) of the FEi.e. P.=0, P,=0, P.#0. Taking into account different energy density terms (free
energy, domain-wall energy, and electrostatic energy and eleastic) into account, eqn. (S1) can be written as [3-4],

dp,

B EZ_E;W_KPVZPZ +ak; +ﬁP23+VPZS (52)

Here, EZa PP is the applied electric field (E-field) along the z-axis and K, p 1s the domain coupling parameter. Now, by assuming
uniform polarization distribution (V2P, = 0)and static condition (dP7/dt=0), we plot the Pzvs E. Za PP characteristics (according
to eqn. (S2)) and the corresponding Pzvs dEZapp/dPZ curvein Fig. S1(a) (fora < 0, B > 0 and y > 0). Now, let us define the
microscopic coercive field (Ecp) as the applied E-field at which dEZa PP /dP, = 0 and the corresponding polarizationas Pcy (see
Fig. S1(a)). Normalizing the applied E-field with respect to E and polarization with respect to Pcy, we can write eqn. (S2) as
the following equation.

5

P
d(5&= app 3 3 5
Pk (Pco) E, _Kppcovz(PZ)_l_aPCO(PZ)_I_:BPCO(PZ) +VPCO(PZ>

_c¢ =— = — ($3)
Eq dt Eco Eco Fro Eco \Peo Eco \Peo Eco \Feo
Eqn. (S3) can further be written as
dPn _ app ny2 S Ap 3 sp 5
—an— —EJPP — KP'V°P, + &B, + BB,” + 7P, (54)
_ 1z _PPCO app Eaz n=KpPC0 A=aPC0 ":ﬁpg‘o A=VPC0
Here, Pn rn Ec En Ec Ke Eco’ ¢ Eco"B Eco’y Eco

Now, we derive the relations among normalized Landau coefficients (& B and ) for a given value of normalized remnant
o . o . dp
polarization (B, , = F; /Fy, Pg=unnormalized remnant polarization). To do so, we consider steady state (d—t" = 0) and

homogeneous P, , therefore, V2 P,=0. Hence, eqn. (S4) can be written as the following equation by considering the static condition

aPy
vl 0).

EfPP = &P, + B> +7P,° (55)

Note that, in the normalized space, coercive field (E,, .) = +1 and at the coercive field (E;F? = E,, .), normalized polarization,
P, = B, . = F1. Therefore, by putting E,**=1 and P,=—1 in eqn. (S5), we can write,

A+p+7=-1 (S6)

Also,dE, /dB, = 0atB, = P, . = +1 (see Fig. S1(a)), therefore,



Solving eqn. (S6) and eqn. (S7), we can write,

Now, puttingthevalue of @ and ﬁ in eqn. (S5), we can write,

3 1
EAPP = (y _E)P + ( 2y+§)Pn3 +7B?
AtERPP =0, B, =B, ., therefore,

.3 O L W
O=(V_E)Pn,r+(_2y+E)Pn,r+yn,r

Az()

y= (510)

(B2~ 1)’

Now, by normalizing the experimentally measured P-E characteristics with respectto Ec, Pcand getting the corresponding B, ,.,
we calculate the normalized Landau coefficients fromeqn. (S8)-(S10). The calibration is shown in Fig. S1(b) and that provides
@ =—1.499,6 = 0.498and 7 = 0.001. In our phase-field simulation, we use K’ = 1.

Now, if we consideranon-homogeneous distribution of Ec (E,, . exhibits spatial variation) in an FE grain, then by following a
similar approach, we can derivethe following set of equations Note, E, ., here,is arandomvariable with mean=1)

ETL CPTIZT TL C)
(S14)

E,c (515)

R 1
p=-27+ EEn,c (516)

Now, we can calculate the distribution in &, 8 and 7 from eqn. (S14)-(S16) for a Gaussian distribution in E, . (mean = 1 and
standard deviation=0.125). To do so, we assume constant B, ,. and calculate &, 8 and 7 by capturing the variation in E, .. LGD
equation (4) with &, ﬁ and y treated as randomvariable is solved to simulate the dynamics of polarization switching in this work.

@  dE?P/dp, [au. b
1 05 % n/ 2[0‘5 ] 1 ( )3
30 ' [ o Experiment
— |- Fit*
2 .
normalized g

Polarization, P, [a.u.]
Polarization, P, [a.u.]
Norm. Polarization, P,

-1 05 0 05 1 -5 0 5
E-field, E;77 [a.u.] Norm. E-field, E,
Fig. S1: (a) Polarization (Py) vs E-field (EZapp) (red) and Pz vs dEZapp/dPZ characteristics (black) according to eqn. (S2) by assuming
homogeneous Pz-distribution and static condition. (b) Calibration of model parameters (Landau coefficients) with experiment in normalized
space. [@ = —1.499,f = 0.498 and 7 = 0.001], we use Kp' = 1.0 in all the simulations.



Note:

In general, the definition of ‘E¢is the electric field where Pis zero’ is for average polarization that corresponds to a macroscopic
definition of coercive field. Here, Ecy is for a single lattice/grid point (microscopic coercive field). From the perspective of
polarization switching, Ecp serves as the threshold E-field responsible for polarization switching in a single lattice. Note, the

distinctionbetween Pcand Pcyis that Py (microscopically polarization cannotbe zero) is not 0, while P¢ (due to the definition
of macroscopic Ec¢)is 0.

Note, in the un-normalized state, |P,[>|Pcy|. Pc=~15uC /cm? and Pe~25uC /cm?

Afternormalization, |P,co| = 1 and therefore, |P,, |=(25/15) = ~1.7.

Polarization Excitation and Relaxation:

Any increase in microscopic polarization fromits remanent value (P.) can be considered as the ‘P-excitation’, where a decrease
can be denoted as the ‘P-relaxation’. Due to an applied electric field, stimulated increase in polarization occurs and can be
referred as ‘P-excitation’. In a homogeneous mono-domain scenario (in absence of a DW), if the applied field is less than the
coercive field, the polarization changes either (i) from -|Py;| to —|Pnei1| or (ii) from +Py,| to +Puc2|. Here, we refer such P-
excitation as type-1 andtype-2, respectively. When the applied electric field is removed, the polarizationreturns to its remanent
value either (i) from —|Phe1| to -[Pas| or (i) from +Pye2| to +Pas|. Such decrease in polarization can be referred as tyepe-1 and
type-2 ‘P-relaxation’, respectively. Physically, thetype-1 and type-2 excitation/relaxation components can beunderstood as the
electric field driven softdielectric [6]type capacitive charging/discharging event, wheretype-1 and type-2 excitation/relaxation
occur in domains with the remnant polarization of -|P,,| and +Py,|, respectively. Here, soft dielectricity means the change in
dipole moment (dP/dE) due to an applied E-field without any polarization switching.

T Tvoe2 |1
o [ +Pul Rl

+ \ Pn ,£’2|

a
ENPP

Fig S2. B, versus EPP relation showingtype-1 and type-2 excitation and relaxation components.

Here, type-1 excitation implies a change from-|P, .| to -|P, 4| and type-2 excitation implies +|F, ,| to +P, .| as shown in the
Fig. S2. Accordingto Landau equation, the polarization (P,) and electric field (E,JPP) relation can be written as,

EfPP = @P, + B2+ 7BS (S17)
dEJPP
ap,
Fromthe last equation, the differential change in polarization canbe written as,

=&+ 3fBB2+57R;

dP, 1
a; - A = ~
dESPP  G+3BPF+5pPh

(S18)

Note that, the type-1 and type-2 excitation components (AR>P¢~1and AP!¥?¢~?) can be represented as the differential change
in polarization due to an applied electric field and can be written as following equations.

_ EZPP gp
ARPPeTI@ = [Fn dE:,l’;,p dEZPP (S19)



Note that, at EPP=0, P,==|P, |, the quantlty app is the same for P,==| Pr|.

It is important to notethat, during type-1 excitation, | B, | is decreasing (P, is becoming less negative) with the increase in ESPP
(can be seen fromthe figure). Therefore, dd I;pp should increase (according to eqn. (S18)) with the increase in ESPP.

On the otherhand, during type-2 excitation, |, | is increasing with the increasein E,*PP (can be seen fromthe figure).
Therefore dd 25 should decrease (according to eqn. (S18)) with the increase in E;'PP.

Py,
The term —zz5 P app is increasing in case oftype-1 excitation and is decreasing in case oftype-2 excitation with the increase in

EfPP, Therefore, fromeqn. (S19), we can see that ABPP¢~ > ApYPe—2,

To get a numerical perspective of type-1 and type-2 excitation components, the calculated values of +|P,,|=1.7298 for & =
—1.499, B = 0.498and 7 = 0.001. At EPP=0.8, |P, e171.3450 and |P, ,,[=1.9505.
ABPPe=1=|p [P, .4 = 1.7298 — 1.3450 = 0.3484

ABPPe=2=P, ,l-IP, .| =1.9505 — 1.7298 = 0.2207

Therefore, ABPPe~1> ApYPe~2,

Polarization switching considering 1D domain dynamics:

In general, P-switching can take place if |E" + E,%’P| > 1. Here, E™ is the interaction E-field (= K}V2P,) and EPP is the
applied E-field. In the main text, we discussed that the 1D domam—wall (DW) is stable due to the spatlal symmetric nature of
E™ and therefore, E;™ < 1. In other words, the DW is static when no electric field is applied (E,%’? = 0). However, P-
switching can be induced by applying an E-field, E*PP > 0. Such E*PP > 0 causes E/™ + E,%P > 1 and that initiates local
nucleationnearthe DW, where |E™t|>0.

Consideringa sequence of E-field pulses (Fig. S3(a)), simulated transient P, is shown in Fig. S3(b) (solid red line). The initial
P-map at7=0 has been shown in Fig. S3(e)-i. Afterthe application offirst E-field pulse,the DW will propagate alongthe +x-
axis nucleating new lattices sequentially at the right edge ofthe DW. That implies an increase in R1 area (red region in Fig.
S3(e)) and decrease in R2 area (blue region in Fig. S3(e)) by an amount ofAAj+ =w X Al;, where Al; is the increasein length
ofR1 atj-th pulse andw is the width ofthe sample. The P-map at the end ofthe E-field pulse (at #=T,,) is shown in Fig. S3(e)-
ii. The corresponding transient excitationin P, can be seenin Fig. S3(b) (from pointito ii). This P-excitation can be attributed
to three different contributions of change in polarization, i.e. type-1, type-2 and type-3 (discussed in the main text for 2D). A fter
the end of first E-field pulse, the DW propagationstops and type-1 and 2 relaxations occur. Corresponding transient relaxation
in P, can be seen in Fig. S3(b) (from pointii to iii) and P-map at the end ofrelaxation (at = T, + T,y ) has been shown in Fig.
S3(e)-iii. Now, in the subsequent E-field pulses, the DW moves further along the +x-axis by following sequential P-excitation
and relaxation sequences and finally switches all the lattices to +P. A fter that, transient P, exhibits only type-2 P-excitation and
relaxation, which can be seen in Fig. S3(b) for j >8.

Note that,the ID DW is stable in absence ofan applied E-field (as we discussed earlier). To verify this argument, we simulate
the transient polarization characteristics by considering long relaxation time after different excitation sequences (the
corresponding E-field pulses are shown in Fig. S3(c)). Resultant transient P, is shown in Fig. S3(b) as dashed line showing no
spontaneous P-relaxation in case 1D DW motion based P-switching. However, when the DW reaches very close to the grain
boundary, the DW becomes unstable and can spontaneously collapse (similar to the 2D case discussed in the main text) along
the grain edges leading to spontaneous P-excitation (Fig. S3(b) at sixth relaxation sequence). Increase in B, (called A*R)),
decrease in P, (called A™P,) and P, at the end of each excitation-relaxation sequence (called accumulated polarization, P,2)
have beenshownin Fig. S3(f). B*“shows a linear increase w.r.t. the number of E-field pulses (j), which is due to the 1D degrees
of freedom of DW motion that gives rise to equal AAf(Al;is constant irrespective of the pulse number) in each pulse. That
implies, in case of 1D DW motion based P-switching, increase in polarization is linear with respect to time. To verify this
argument, we simulate the transient polarization characteristics by considering long excitation time at different sequences (the
corresponding E-field pulses are shown in Fig. $3(d)). Resultant transient P, is shown in Fig. S3(b) as dash-dotted line showing
linear increase in P, till the saturation.



(a) EPP Ton Tﬂ_f{‘ (C) (d)

nmax 4+

< LR L L T ®

apnp

me, !
2 _ Time,r N 0.8 ‘ 2
- T s 3 AU
15 b w1111] < B O N
spontancous 0.6 h .'/ L 1
1 excitation | | _—U_U U ./
< A\ LT TAANL 5 e " 8
. ime , ime, - P
= 05 S time , / Tirmne, 1 < 0.4 4 0 5
= y © - V’. \
‘ Py o @ | — " Ea
——————————————————— (i) O 2 ) |A_P I L | 4 _1
0.5 * M n
______________________ y , y
1 1 " t o8 0 Due to spontaneous excitation 2
L L 1 - _ X 0 O 2 4 6 8
y

L L
0 200 400 600 800

) No. of pulses, j
Time, t [ns]

Fig. S3: Polarization switching dynamics considering 1D DW motion: (a) Applied E-field pulse sequences (E;PF . = 0.8, T,, = 50ns and

Torr = 50ns) and (b) resultant transient P, (solid red). Applied E-field pulse sequences for prolonged (c) relaxation and (d) excitation
characteristics and corresponding transient P, are shown in (b) as dash-dottedline (for excitation) and dashed line (for relaxation). (¢) P-map
at point (i), (ii) and (iii) as marked in (b). Increase and decrease in P, (respectively |A*P,| and |A”P,|) and accumulated P, (P,*°°) in each

excitation/relaxation sequence with respect to pulse number ().

Now, to analyze the effects of Ej}F . Ton and Toff'in P-excitation/relaxation and accumulation characteristics, we plot the
transient B, in Fig. S4(a-c) and B““ with respectto the number of pulses (j) in Fig. S4(d-f) for different EZ¥P, ., Ty, and T, Ff
B, shows higher P-excitation (in Fig. S4(a)) with higher E;}P, . which can be understood as the increase in type-1 and type-2
excitation components and higher growthrate in R1 domain (increase in d/j/dr) with the increase in EZfl, . Higher P-excitation
with the increase in E;7D, | leads to faster P-accumulation w.r.t the pulse number (Fig. S4(d)). Similarly, an increase in T,
provides increased amount of forward nucleation (increase in Al; , while dlj/dt remains constant) and hence, increased P, during
each E-field pulses (Fig. S4(b)). Therefore, B,"* requires relatively a smaller number of E-field pulses to reach the saturation
point (Fig. S4(e)) for higher T,,,. However, increase in T, ¢ does not provide any change in B, and P,** characteristics (Fig.

S4(c) and in Fig. S4(f)) due to the absence of spontaneous P-relaxation process in case of 1D domain dynamics.
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(e) T, and () T ¢ ;. Here, we consider 1D domain-wall (DW) motion.

Differences between 1D and 2D DW motion based P-switching dynamics:

If the spatial distribution in polarization (P) is 1D, then the corresponding DW and their associated motion is also effectively
ID. In ourmain text, we discuss that the 1D DW is static and stable dueto the spatially symmetric distribution oflocal effective
interaction E-field (E"* = K}V2P,). Therefore, there will be no spontaneous DW motion (or P-switching) in absence of an
applied E-field (unless the DW is sufficiently close to the grain boundary). At the same time, considering the E-field induced
DW motion, the increase in polarization s linear with respect to time (due to linear increase in domain area). Consequently, the
P-accumulation characteristics exhibits linear increase as a response of sequential E-field pulsing. However, in case of 2-
dimentional polarization distribution, the corresponding 2D DW may not be stable due to spatially asymmetric nature ofE, "t
and can exhibit spontaneous motion leading to spontaneous P-switching (relaxation or excitation, depending on the position of
DW). In addition, as a response of sequential E-field pulsing, the increase in polarization is incremental with respectto time due
to non-linear growth of domain area. For example, domain growthis quadratic for case-1 (main text), where we assume circular
pinned domain atthe center ofthe grain. Moreover, such incremental domain growth in case 02D DW motion leads to relatively
more accumulative and abrupt P-switching characteristics comparedto 1D DW motion.



P-switching dynamics (homogeneous E.-) depending on the location of the pinned domain:

In the main text, we discuss the P-switching dynamics in an FE grain by considering a homogeneous E¢ distribution and a pinned
type domain at the center of the grain (case-1 of the main text). To analyze the dependence of P-switching dynamics on the
location of pinned domain, here we consider different initial location for the pinned domain and compare theresults. Transient
P, as a consequence of sequential E-field pulsing (Fig. S5(a)) is shown in Fig. S5(b) by assuming the initial location of the
pinned domain at four different positions (as shownin Fig. S5(c)) within the square FE grain, i.e., case-i: at the center, case-ii
at the vertex, case-(ii)): midway between the center and side, and case-(iv): midway between the center and vertex
Corresponding P-maps are shown in Fig. S5(d) at the end ofeeach excitation and relaxation sequences. Forallthe cases (i, i, iii
and iv), P-accumulation takes place by following sequentially stimulated P-excitation and P-relaxation process, as discussed in
the main text. For case-iand case-ii, in absence of E-field, we initially observe spontaneous P-relaxation (due to radial
asymmetry in interaction E-field) up to a certain numberofpulses and afterthat we observe spontaneous P-excitation (dueto
DW collapse at the grain edges) till the saturation. Now, in case-iii the pinned domain is near the grain edge. Therefore, the DW
collapses nearthe grain edge at very early stage (during first relaxation sequence in this case) and leads to spontaneous growth
of R1 domain along the grain edge. At the same time, the opposite face ofthe R1 domain (towards the inner side ofthe grain)
spontaneously shrinks (due toradial asymmetry in interaction E-field). Due to these simultaneous domain growth and s hrinking
(at different regions ofthe R1 domain), initially, shrinking dominates over the growth. Therefore, the R1 domain area decreases
spontaneously and as a consequence, we observe overall P-relaxation (Fig. S5(b)-blue curve) in absence ofapplied E-field till
the third relaxation sequences. However, at the fourth relaxation sequence, spontaneous domain growth dominates over
shrinking andhence, we observe anoverall spontaneous P-excitation. At the same time, note that the curvature ofthe R1 domain
(facing inwards) decreases and that leads to a decrease in interaction E-field asymmetry. In other words, the nature ofthe DW
approaches that of 1D-DW motion. Therefore, no (or very low) spontaneous change in polarization takes place from fifth to
seventh relaxation sequences. At the eighth relaxation sequence, DW collapse at the grain edge and reaches saturation
polarization. Similar to case-iii, in case-iv the pinned domain is near the grain edge. However, in this case, within the
simultaneous domain growth and shrinking (at different regions of the R1 domain), initially, growth dominates over the
shrinking. As a consequence, we observe an overall spontaneous P-excitation (Fig. S5(b)-red curve) at the second relaxation
sequence. A fter that, spontaneous P-relaxation dominates till the sixth relaxation sequences.
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Spontaneous Relaxation:

To start with, let us consider an FE grain, exhibiting a circularly nucleated domain (R1), as shown in Fig. S6. Note, that
the domain holds a polar symmetry.

Fig. S6:2D circular domain-wall (DW) separatingtwo domain (R1 and R2)
Therefore, in polar coordinate, the term VP, can be written as,

_9%p, 10B, 10%P,

=2 Trar Trigee

V2P,

Now, we can assume the center of the Rl domain as the center of the polar coordinate (r= 0). Also, due to polar
. 2P, . . .
symmetry, at a particularr, B, (8) =constatntand oz 0. Therefore, we can write the equation as following.

d%P, 10P
V2P =— +-——=
Tor? ror

Now, let us assume B, ()is an odd symmetric function with a centerof symmetry at» =r’(r =1’ is the DW center).
92py
a

r2

. . P, . . . L
Therefore, we can immediately state that a—r" will be even symmetric and will be odd symmetric with a center of

1. L . .
symmetry at »=r’. However, the term~is only symmetric with respectto ‘0’ (=’ is not a symmetry point). Therefore,

the second termin the above equation is asymmetric forany r’ # 0 andthat leads to an asymmetric V2 P,. To visualiz
a2p, 9P, 19P, d a2p,

an
or2’ ar’r or or2

different components of V2 P,, we plot + %aairn with respect torin the figure below (Fig. S7).
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Fig. S7: Different components of V2 P, with respectto P,

Note: **Even if the second termis symmetric (not possible though), it is important to note that the summation of an
odd symmetric and even symmetric function is always asymmetric.



As EI' becomes spatially asymmetric, where |[EI™|>1 at the inner interface and |EI"'|<I at the outer interface of DW. Such
asymmetry in the EI"t causes the DW to undergo an effective inward force (< P x EI"Y). (Whereas, in case of 1D DW, such
force was oppositely balanced dueto symmetric nature of Ei*distribution). Due to such inward force, the DW becomes unstable
and R1 region shrinks spontaneously with time. Recall that the R1 domain corresponds to +P and R2 domain corresponds to —
P. Therefore, Due to the spontaneous shrinking (decreasing in area) of R1 domain area, the average polarization ofthe grain (P,)
decreases spontaneously and that leads to DW -instability driven polarizationrelaxation.

Spontaneous Excitations:

Each DW contains a spatial variation in polarization (-P to +P). Due to such polarization variation, each DW exhibits a local
interaction field (E;** = KV?P,). A typical plot of polarization distribution (P, (x)) and the corresponding E(x) is shown
below (Fig. S8(a)). Note that, E™(x) = 0 at [x — x|~ o0, where, x,, is the center of the domain wall. However, when two DW
come sufficiently close (~less than a DW width) to each other, their interaction field overlaps with each other within the
intermediate domain and hence, the total interaction field increases over the equilibrium value (shown in Fig. S8(b) and Fig
S8(c)). Such increase in E™ fromits equilibriumvalue induces spontaneous P-switching (-P to +P) in R2 domain and that leads
to spontaneous P-excitation component.
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Fig. S8: (a) E[™ for a standalone DW, (b) E;™* for two DW's with a distance less thanthe DW width, (c) E,/ for two DW's
with a distance much less than the DW width.



Differences in P-switching dynamics between case-1 (homogeneous E¢) and case-2 (non-homogeneous E¢)

In the main text, we discuss the P-switching dynamics in an FE grain by considering two cases. In case-1, we considering
homogeneous Ec, where the creation ofthe DW is pre-conditioned with the assumption ofa pinned domain. On the other hand,
in case-2, we considera local distribution of Ec in an FE grain, where the creation ofthe DW depends on the initial nucleation
of low Ec regions (nearthe grain edges). In both the cases, we observe spontaneous relaxation in the absence ofan applied E-
field that originates fromDW instability. In case-1, the DW instability occurs dueto theasymmetry in E™, which is the outcome
of 2D nature ofthe DW. However, in case-2, such asymmetry in E™ gets enhanced due to non-homogeneity in Ec (Ec of the
switched domains are lower compared to the Ecofthe domains those are not switched yet). Therefore, the spontaneous P-
relaxation is higherin case-2 comparedto case-1.

Also, we discuss the spontaneous excitation of polarization for both the cases. In case-1, spontaneous P-excitation takes place
due to the DW instability near the grain edge. In contrast, in case-2, spontaneous P-excitation occurs due to the interaction
between two DWs that makes the intermediate region (between the DW's) unstable, thus, spontaneously switching to +P. It i
important to note that the area of the domain that undergoes spontaneous P-excitation is less in case-1 (regions near the grain
edges, Fig. 3(b)) compared to case-2 (regions in betweenthe DWs, Fig. 4(d)). Therefore, the spontaneous P-excitationis more
prominent in case-2 compared to case-1.

Extraction of E. distribution from experiment:

An FEsample exhibits an ensemble of grains (due to polycrystallinity) with different geometries and areas. As themean coercive
field (E¢) ofa grain depends onits size [5], therefore, the FE film manifest a spatial distribution of E¢c. Due to such Ecdistribution
among the grains, fora given maximum applied E-field (E.«), a certain number of grains (with E¢<Enqx) undergo polarization
switching , givingrise toa remnantpolarization (Pr). Withtheincrease in £, increased number of grains undergo polarization
switching leading to an increase in Pr. Let us assume, Pr=Pg; for Epa=FE a1 and Pr=Pg; for Epac=Enax = EnactAE, where AE
is small positive increase in Eyax (1.€. Emax2>Emaxr). Therefore, the increase in Pz (AP;=Pr> - Pr) is proportionalto the area of
newly switched grains. Also,themean coercivefield ofthose newly switched grains must be~ Euqx2. Notethat, for a sufficiently
high E.x, it is possible to switch all the grains and that provides the highest Pr~Pr ma (in principle, further increase in £
should not provide a significant increase in Pr). Putting this all together, AP, /Py, ;.4 represents the % area of the sample (or
area fraction) forwhich E; = E,,,.

To experimentally extract such Ecdistribution, we measure the P-E loop of HZO for different sweep ranges ofthe applied field
(i.e. for different Enax) (Fig. S9(a)). Corresponding remnant polarization (P ) versus Ena is shown in Fig. S9(b). Then we
calculate theincrease in Pz (AF;) forthe each E,.. Finally, we calculate the area fraction corresponding to an Ec by normalizing
AF; (at Ema=Ec) with respect to the maximum Py, (Pg jnq,— Fig. S5(b))The resultant Ecdistributionis shownin Fig. S9(c).
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Fig. S9: (a) Measured P-E characteristics of HZO for different maximum value of applied E-field. (b) Remnant polarization (Pg) for
different maximum value of applied E-field. (¢) Extracted global Ec distribution in HZO (red) and corresponding Gaussian fit (dashed black)
with mean = 1.1, standard deviation=0.175.



Inclusion of the coupling terms between the strain/stress and the polarization:

Under TDGL formalism, the polarization state equation for P, can be written as [7],

JP,
—Por
+a112(4P3(P2+P2)+2P (P4 P4)) Qaa (012 P, +U13P) 944[

= [2a, - (2Q110'3 + 2Q42(0; + 0'2))]Pz + 4“11Pz3 + 6“111Pz5 +2a4, P, (PZ + PZ)
0%P, 0°%P, ]

_ gavp
0x? (’)y

z

Here, we use Voigt’s notation for the coefficients. So, 1 = x, 2 = y, 3 = z. Q = electrostriction coefficient, g = gradientenergy
coefficient and o =stress.

Now, basedon the assumptionof P, = B, = 0, we can re-write the equationas,

JP, 5 s 0%P, 0°P, app
—E = [2ay — (2Q110'3 +2Q,(0y + 0'2))]Pz +4a1 B +6a111B — gaa W"' a_yz —E,

Now, 04, 0, and 05 can be written as
01 =0 = (511U — $12U3) /({1 — 5£2)

03 = (s11U3— 512U2)/(5121 - 5%2)
Here,

Us = Qn[(PZS)z— (P,)?]
U, = le[(PZS) - (PZ)Z]

Where, PJ is spontaneous polarization along z-axis.

Now, we can write,
S11Us— 512U, 511Q11[(Pz) _(Pz) ]—512Q12[(PS) _(Pz) ]

S3 — St s34 — 5%,

0, =

_511U2_512U3 511Q12[(PZ) _(PZ) ]_Slell[(PZ) _(PZ) ]

53 — St SH = 5%,

Thus onecan obtain,

OF, [2 (2 511012 [(PZS)Z — (P)?] - slell[(PZS)z —(P,)?]
1 Qll

"ot sZ, — sZ,
2 2
511Q11[(PZS) —(P;)?] - 512Q12[(PZS) - (P;)?]
+40Q12 2 _ g2 P, +4a; P} +6a,,1F;
11 12
app

z

02p, %P,
— Y44 axz + ayz -



0P, s —-s s —S
_9%7 _ [Zal _ <2Q11 11012 12011 11011 — 512012

2
4 PF) —(P)?]|P, + 4a11 P} + 60111 B}
ot 5%1 _sz +40Q,; 5%1 — sz >[( Z) (P) ]] 7 T aa by +6aq1118;

app
z

92P, 2P,
~ Jas WJ“ayz B

. _ $11Q12—S12011 $11Q11—S12012
Let us definen = 2Q11T + 4Q122——sz
117512 117512

Note that the polarization-strain coupling provides a liner and a quadratic terms of polarization. Therefore, we can
write,

oF, 9°P, 0%P
_a_tz = [20‘1 - (PZS)ZW]PZ +[4ay, + NP2 + 601118 — Gaa [sz +WZZ] - zapp
We can re-write the equationas,
dP, 0%P, 0°P,
——==aP,+BP} + P} — K | ==+ =——| — EJ?P 2
at a Z+:8 z +y z [axz +ay2 zZ (S 0)

Where,

2
a=2a; —(P;) n

B =4a;1+n
Yy =6a11
K =944

Note that thesimilarapproachhas alsobeen presentedin [8, 9]. It is important to note that, such effective representation of state

equationby merging the contribution of strain-polarization coupling with the free energy coefficient is possible because of the
assumption of B, = B, = 0. However, in presence of this in-plane polarization component (provided that o-phase c-axis is

parallel to in-plane), a self-consistent simulation between the state equations of polarization and strain/stress is required.

It is important to mentionthatthevaluesof a, @44, @111, Q33 is not well-defined in literature. However, we use equation (S20)
to calibrate the experimentally measured polarization versus electric field characteristics to calculate the @, f and y values in
normalized unit. We have discussed the calibration of a, f and y values (in normalized space) at the beginning of this
supplementary document.
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