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The high coercive field (Ec) of hafnia-based ferroelectrics presents a major obstacle to their
applications. The ferroelectric switching mechanisms in hafnia that dictate Ec, especially those related
to domain nucleation in the nucleation-limited-switching (NLS) model and domain-wall motion in the
Kolmogorov-Avrami-Ishibashi (KAI) model, have remained elusive. We develop a deep-learning-
assisted multiscale approach, incorporating atomistic insights into the critical nucleus, to predict both
NLS- and KAI-type coercive fields. The theoretical NLS-type Ec values agree with previous
experimental results as well as our own measurements and also exhibit the correct thickness scaling
for films between 3 and 20 nm. Combined theoretical and experimental investigations reveal that the
giant Ec in hafnia-based ferroelectrics arises from the ultrathin geometry, which confines switching to the
NLS mechanism. We predict that the theoretical lower limit for KAI-type Ec is 0.1 MV=cm arising from
mobile domain walls. The activation of KAI-type switching to achieve lower Ec is supported by our
experimental demonstration of a low coercive field of 1 MV=cm in 60 nm ferroelectric ðHfO2Þn=ðZrO2Þn
(n ¼ 3 unit cells) superlattices. These findings establish a comprehensive framework for understanding
ferroelectric switching in hafnia and highlight the potential of geometry and domain-wall engineering to
achieve low-Ec devices.
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I. INTRODUCTION

Ferroelectric hafnia is emerging as a viable candidate
for incorporating ferroelectric capabilities into semicon-
ductor technologies for its proven compatibility with
silicon [1,2] and scale-free ferroelectricity [3,4]. The
discovery of switchable spontaneous polarization in this
fluorite-structured binary oxide has also significantly
advanced our understanding of ferroelectric physics, an
area historically focused on perovskite oxides. For exam-
ple, recent investigations have uncovered several unique
aspects of hafnia-based ferroelectrics, including its meta-
stable nature compared to the bulk monoclinic phase [5],

the presence of flat phonon bands [3], and intertwined
polar-nonpolar structural polymorphism with oxygen
vacancy diffusion [6,7].
However, the widespread application of ferroelectric

hafnia-based devices is mainly hindered by reliability
issues, especially their limited endurance [8]. Unlike
devices based on perovskite ferroelectrics like
PbðZr;TiÞO3 and BiFeO3, which can be made close to
fatigue-free [9], hafnia-based devices, depending on their
architectures, typically exhibit poor endurance, with
switching cycles ranging between 105 and 1012 [10–13].
This falls short of the required > 1015 cycles for
embedded random access memory. Such a detrimental
issue is attributed to the high coercive field (Ec, the
electric field needed to switch the polarization) of hafnia-
based ferroelectrics (typically, > 1 MV=cm in polycrys-
talline thin films and > 2 MV=cm in epitaxial thin films)
[14–16]. Repeated applications of high electric fields near
the breakdown strength to reverse the polarization are
expected to accelerate breakdown, causing rapid perfor-
mance deterioration. Reducing Ec without sacrificing
spontaneous polarization has become a pressing challenge
for hafnia-based ferroelectrics.
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The Pca21 orthorhombic phase (o phase) of HfO2 is
widely acknowledged as the ferroelectric phase in thin
films [5,17–19]. However, the atomic-level switching
mechanisms affecting Ec in this phase remain elusive,
due to the complexity of competing switching pathways
and the diverse types of domain walls, which are
interfaces separating differently polarized domains.
Previous studies using zero-Kelvin density functional
theory (DFT) have examined polarization switching at the
unit-cell level [17,20] and the behavior of specific types
of domain walls (DWs) [3,21–23], often employing the
nudged elastic band (NEB) method. This technique
requires manually constructing an initial switching path-
way, introducing potential bias as the chosen pathway
may influence results. Critically, the switching barriers
computed in these studies effectively correspond to a
spinodal-decomposition-like mechanism [24,25], where
all dipoles switch homogeneously and simultaneously
throughout the crystal. Such a mechanism is unrealistic
for macroscopic samples, where the probability of uni-
form switching is negligible due to the vast number of
dipoles. Instead, it is well established that ferroelectric
switching occurs through a thermally activated nuclea-
tion-and-growth process [26,27], where small regions
(nuclei) of reversed polarization form and grow, even-
tually propagating throughout the material. Capturing
this nucleation-driven mechanism is essential for accurate
predictions of Ec.
Ferroelectric switching via the nucleation mechanism is

commonly modeled using the Kolmogorov-Avrami-
Ishibashi (KAI) model [28] and the nucleation-limited-
switching (NLS) model [29]. The KAI model describes
switching dynamics with two key parameters: the constant
nucleation rate R, which defines the probability of forming
new three-dimensional (3D) reverse domains in unswitched
regions, and the domain-wall velocity v, which character-
izes the speed of domain-wall propagation. In this model,
switching occurs through a combination of domain nucle-
ation and domain-wall propagation. Microscopically,
domain-wall propagation involves the nucleation of two-
dimensional (2D) reverse domains on the wall, followed by
their growth, as proposed by Miller and Weinreich [30].
Since 3D nucleation is energetically more difficult than 2D
nucleation [31], the rate-limiting step in the KAI model
is the 2D nucleation-and-growth process on the domain
wall [26,27].
In contrast, the NLS model emphasizes the nucleation of

reverse domains. It assumes a site-dependent nucleation
rate, leading to a broad distribution of nucleation proba-
bilities. Switching in the NLS model occurs through
independent, stochastic, and spatially inhomogeneous
nucleation of reverse domains at different sites, with the
rate-limiting step being the 3D nucleation-and-growth
process, which is distinct from the 2D domain-wall-driven
process in the KAI model.

The applicability of these models depends on the
material system and geometry. The KAI model is suited
for bulk ferroelectrics, where domain-wall motion domi-
nates, while the NLS model better describes ferroelectric
thin films, where limited volume and high surface-to-bulk
ratio enhance the role of domain nucleation. Experimental
studies support the NLS model for hafnia-based thin films,
where switching is nucleation driven [32,33]. However,
both the KAI and NLS models are empirical frameworks
primarily used to fit the time dependence of switching
currents. While they offer valuable insights into macro-
scopic switching behavior, they do not directly reveal
atomic-level switching mechanisms. Moreover, a theoreti-
cal approach to predict Ec by integrating first-principles
insights into the KAI or NLS frameworks is currently
unavailable.
Here, we establish a multiscale approach that bridges

atomistic simulations with the NLS and KAI switching
models, enabling accurate predictions of Ec values in
ferroelectric hafnia using only first-principles parameters.
By leveraging a deep neural network-based force field
trained exclusively on first-principles data for hafnia
[34,35], we determine the critical nucleus with molecular
dynamics (MD) for 3D nucleation in the NLS model and
2D nucleation in the KAI model. We further develop a
universal Landau-Ginzburg-Devonshire (LGD) analytical
model, applicable to both 3D and 2D nucleation, to predict
Ec values for NLS- and KAI-type switching. Remarkably,
the predicted thickness-dependent NLS-type Ec values
show excellent agreement with prior experimental data
and our own measurements for epitaxial hafnia thin films
grown by pulsed laser deposition (PLD). Our combined
experimental-theoretical analysis reveals that the giant Ec in
hafnia thin films arises from the ultrathin geometry, which
restricts switching to the NLS mechanism. Moreover, our
model predicts that enabling KAI-type switching in hafnia,
via mobile domain walls, would reduce Ec to levels
comparable with PbðTi;ZrÞO3, with a theoretical lower
limit of 0.1 MV=cm in thin films. This is corroborated by
our experimental results from PLD-grown ferroelectric
HfO2=ZrO2 superlattices of 60 nm thickness, achieving
a low coercive field of approximately 1.0 MV=cm. This
study provides valuable insights into the origin of Ec in
hafnia-based ferroelectrics and outlines strategies for opti-
mization through geometry and domain-wall engineering.

II. RESULTS AND DISCUSSION

A. Order parameter and reference phase

The unit cell of Pca21 HfO2 consists of alternating
nonpolar layers of fourfold-coordinated oxygen ions (Onp)
and polar layers of threefold-coordinated oxygen ions (Op)
[Fig. 1(a)]. This phase is considered as a multiorder
parameter system, as indicated by previous studies [36–38],
where three primary modes—tetragonal (Tx), antipolar
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(Az), and polar (Pz)—are involved for the transition from
the cubic Fm3̄m phase to the Pca21 phase with polariza-
tion aligned along the z axis. In the cubic reference phase,
the Tx mode is characterized by antiparallel x displace-
ments of neighboring oxygen atoms, the Az mode involves
antiparallel z displacements, and the Pz mode is defined by
parallel z displacements of all oxygen atoms. Starting from
the cubic phase, the successive distortions following the Tx,
Ax, and Px modes lead to tetragonal (t) P42=nmc, antipolar
Pbcn, and polar Pca21 phases, respectively. The unit-cell
configuration of Pca21 can be described by a mode
vector ðTx; Az; PzÞ.
The alternating Op and Onp atoms complicates the

analysis of the polarization switching mechanism, particu-
lar within the framework of Landau phase transition. We
find that the mode of Pz relative to the Pbcn phase is the
most convenient order parameter. Using the Pbcn phase as
the reference, rather than the cubic or tetragonal phase, is
justified for the following reasons. First, the minimum
energy path (MEP) for polarization reversal, identified with
DFT-based NEB calculations, reveals that the pathway with
the antipolar Pbcn phase as the transition state has a lower
barrier (0.25 eV) compared to the pathway involving the t
phase as the transition state [37]. Second, the Pca21 phase
is connected to the Pbcn phase ðTx; Az; 0Þ through a single
soft mode Pz, as pointed out by Raeliarijaona and Cohen
[39]. Third, as shown in Fig. 1(b), both Onp and Op atoms

are displaced equally from their reference sites in the Pbcn
phase, allowing them to be treated equivalently in terms of
the Pz mode. Similarly, for a 180° domain wall depicted in
Fig. 1(c), the Pz profile closely resembles the local
polarization profile of a typical 180° domain wall in
perovskite ferroelectrics. Finally, our MD simulations
(discussed below) demonstrate that domain nucleation
and domain-wall motion are primarily driven by changes
in the Pz mode, while Tx and Az remain nearly constant.
Therefore, choosing the Pz mode relative to the Pbcn phase
as the order parameter greatly simplifies the analysis by
eliminating the complexity arising from the alternating Onp

and Op layers.

B. Domain nucleation from MD simulations

The unit-cell switching barrier of 0.25 eV computed with
DFT-based NEB corresponds to a spinodal-decomposition-
like switching process, where all dipoles flip simultane-
ously across the crystal. Such a process is highly
unfeasible, as it yields a value of Ec exceeding 10 MV=cm
[40–42], far greater than the experimentally observed range
of 2–5 MV=cm [15,16,33,43–45]. To address this discrep-
ancy, we develop a multiscale approach to accurately
predict the value of Ec for NLS-type switching in single-
crystal single-domain Pca21 HfO2. Our approach begins
with finite-field MD simulations to identify the critical
nucleus at representative electric field strengths. The

FIG. 1. Symmetry mode analysis and local order parameter. (a) HfO2 phases connected through three lattice modes, Tx, Az, and Pz, in
the cubic phase. (b) Polarization reversal in the Pca21 unit cell driven by a downward electric field E. Both Op and Onp atoms are
displaced by Ps. (c) Schematic of crystal structure for a Pbcn-type 180° domain wall and the profile of mode Pz at each oxygen site
across the wall.
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geometrical features of the nucleus are subsequently
incorporated into a LGD phenomenological framework,
allowing for efficient estimation of critical nucleus size
(N�), the size at which the nucleus has an equal probability
of growing or shrinking, under arbitrary field conditions.
The value of NLS-type Ec is defined as the minimum
strength required to make the critical nucleus size compa-
rable to the film thickness, thereby establishing a direct
thickness-dependent relationship for Ec.
Determining N� at low electric fields using conventional

MD simulations is challenging due to the inherently low
nucleation probability. We employ a revised persistent-
embryo method (rPEM; see Fig. S2 [46]) [47] that allows
for efficient and unbiased determination ofN�. Specifically,
a 3D embryo with N0 switched oxygen atoms is initially
embedded in the unswitched single domain, and a tunable
harmonic potential is applied to each oxygen atoms in the
embryo to prevent backswitching. The potential is gradu-
ally weakened and completely removed when the nucleus
size (N) surpasses a subcritical threshold (Nsc, where
N0 < Nsc < N�). As shown in Fig. 2(a), the plateau in
the NðtÞ curve then corresponds to the period over which
the nucleus size fluctuates around N�.
At 300 K and under an applied electric field (E) of

2.5 MV=cm along the z axis, the MD-based rPEMmethod
reveals a critical nucleus with a 3D ellipsoidal geometry
[Fig. 2(b)], characterized by lateral dimensions of l�x ≈
l�y ¼ 3.4 nm and a vertical dimension of l�z ¼ 7.2 nm.
Figure 2(c) presents the Pz profile of the nucleus in the
yz plane, along with lattice structures displayed for the top
and side interfaces. The interface of the nucleus displays
crystallographic features depending on the orientation.
Along the z axis, the unit cells have Op atoms gradually
evolving to Onp atoms (and vice versa), effectively
avoiding the formation of high-energy head-to-head or
tail-to-tail configurations of Op (Onp) atoms. In contrast,
the interfaces in both the yz and xz planes adopt the Pbcn-
like phase, where antiparallel Op atoms create a transi-
tional region between the nucleus and the parent domain.

C. LGD 3D nucleation model

The geometrical features of the 3D nucleus are used to
construct an LGD nucleation model. When the Fm3̄m or
P42=nmc phase is chosen as the reference, the total free
energy of the single-domain Pca21 phase must be
expressed as a Taylor series expansion in terms of Pz,
Tx, and Az. In comparison, using the Pbcn phase as the
nonpolar reference simplifies the free energy expression to
a Taylor series in Pz alone, as the terms involving Tx and
Az are constant during the transition of Pbcn → Pca21.
This is also consistent with results from MD simulations,
which show that nucleation is primarily driven by changes
in Pz. Consequently, the nucleation energy can be effec-
tively reduced to a function of Pz without compromising
predictive accuracy. Moreover, we later find that

expressing the nucleation energy in terms of various
interfacial energies implicitly incorporates contributions
from all order parameters.
In the presence of E, the energy of a nucleus relative to

the single-domain state can be expressed as

ΔUnuc ¼ ΔUV þ ΔUI ð1Þ

with

FIG. 2. Domain nucleation from molecular dynamics. (a) Nu-
cleus size (N) as a function of time during the nucleation process,
obtained using the MD-based rPEM method at 300 K and
E ¼ 2.5 MV=cm. The blue and green dashed lines indicate the
size of the persistent 2D embryo (N0) and the subcritical nucleus
(Nsc), where the harmonic bias is removed, respectively. The
critical size (N�) is marked with a red solid line. Insets highlight
plateaus where N fluctuates around N�. (b) Visualization of the
critical nucleus, showing a 3D ellipsoidal geometry. Only oxygen
atoms within the nucleus are displayed for clarity. (c) Pz profile of
the nucleus in the yz plane, with lattice structures depicted for the
top and side interfaces.
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ΔUV ¼ −Eη
ZZZ
V

dV
�
Pnuc
z ðx; y; zÞ − PSD

z ðx; y; zÞ
�

ð2Þ

and

ΔUI ¼
ZZZ
V

dV
�
UlocðPnuc

z Þ þ UxðPnuc
z Þ þ UyðPnuc

z Þ

þ UzðPnuc
z Þ −UlocðPSD

z Þ
�
: ð3Þ

Here, ΔUV represents the coupling between the electric
field and order parameter Pz, while ΔUI accounts for the
energy penalty associated with the creation of new
interfaces during nucleation. The parameter η is a scaling
factor that relates the mode magnitude Pz to the local
polarization. The spacial profiles of Pz for a domain with
and without a 3D nucleus are represented by Pnuc

z ðx; y; zÞ
and PSD

z ðx; y; zÞ, respectively. The term ΔUI comprises
two contributions: the change in local energy Uloc and the
gradient energy Uj (where j ¼ x, y, z). The change in
local energy, ΔUloc ¼ ∭V dV½UlocðPnuc

z Þ −UlocðPSD
z Þ�,

results from unit cells located at the nucleus interface
with Pz deviated from the ground-state value (Ps).
This energy change can be expressed as ΔUloc ¼
∭V dVKloc½1 − ðPnuc

z =PsÞ2�2, where Kloc is a LGD coef-
ficient (see Supplemental Material, Sec. IV [46]). The
gradient energy originates from the spatial gradient
(∂jPnuc

z ) at the nucleus boundary and is expressed as Uj ¼
gjð∂jPnuc

z Þ2 for j ¼ x, y, z, where gj is the gradient
coefficient.
The Pnuc

z profile for a domain containing a 3D ellipsoidal
nucleus, defined by the dimensions lx × ly × lz and the
diffuseness parameters δx, δy, and δz, can be analytically
approximated in spherical coordinates as

Pnuc
z ðρ; θ;φÞ ¼ Ps tanh

�
ρ − lθ=2
δθ=2

�
; ð4Þ

where lθ ¼ lxlz=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðlx cos θÞ2 þ ðlz sin θÞ2

p
represents the

radial length of the nucleus and δθ is the diffuseness along
ρ at the nucleus boundary [see Fig. 3(a)]. The value of PSD

z

is constant, given by PSD
z ðρ; θ;φÞ ¼ −Ps.

Substituting the profiles of Pnuc
z and PSD

z into Eq. (3)
yields an analytical expression for the nucleation energy:

ΔUnuc ¼ −
π

3
l2xlzηPsE þ

Z
2π

0

dφ

×
Z

π

0

σx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 θ þ

�
σz
σx

�
2

cos2 θ

s
ðlθ=2Þ2 sin θdθ;

ð5Þ

where σj is the interfacial energy for a 180° domain wall
perpendicular to the j axis (see detailed derivations in
Supplemental Material, Sec. IV [46]). Remarkably, the
only material-specific parameters needed to compute
ΔUnuc are Ps and various domain-wall energies, which
can be readily obtained using DFT and/or model potential.
This can be intuitively understood, as both Kloc and gj can
be expressed in terms of σj and Ps. Moreover, since the
domain-wall energy σj computed using DFT inherently
includes contributions from all order parameters, Eq. (5)
naturally accounts for these effects, extending beyond a
sole dependence on Pz. The temperature dependence of

FIG. 3. NLS-type coercive fields in hafnia thin films from
multiscale simulations and experiments. (a) Schematic of a 3D
ellipsoidal nucleus in spherical coordinates. (b) Comparison of
critical dimensions l�x and l�z predicted by the LGD model and
MD simulations across various electric fields. (c) Effect of tensile
strain on the Pbcn-type domain-wall energy and Pz mode
magnitude. (d) Theoretical thickness-dependent NLS-type co-
ercive fields compared with experimental results for epitaxial thin
films of La-doped HfO2 [16] and Hf0.5Zr0.5O2 (HZO) grown on
common substrates such as SrTiO3 (STO) [44] and yttria-
stabilized zirconia (YSZ) [45], as well as our own measurements.
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the LGD nucleation model is incorporated through
PsðTÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðTc − TÞ=Tc

p
Ps, where Tc ¼ 900 K (from

MD simulations [48]) and Ps ¼ 0.27 Å at 0 K (from
DFT calculations).
For a given E, the critical nucleus size is determined by

identifying the stationary condition of ΔUnuc. As shown in
Fig. 3(b), the critical dimensions l�x and l�z predicted by the
LGDmodel across multiple field strengths exhibit excellent
agreement with the results obtained from MD-based rPEM
simulations, validating the accuracy and robustness of the
nucleation model.

D. NLS-type coercive fields from first principles

We now apply the LGD 3D nucleation model to predict
the magnitude of intrinsic Ec in thin films of HfO2,
assuming that ferroelectric switching primarily occurs
via nucleation, similar to the NLS model. Given that
experimentally ferroelectric hafnia-based thin films often
adopt a [111] orientation [49], we define Ec as the
minimum electric field along the [111] direction required
to make the critical nucleus height l�z comparable to the
film thickness: l�z ≈ d. Despite this simple assumption,
the intrinsic Ec values predicted by our nucleation
model [transparent blue line in Fig. 3(d)] align remark-
ably well with experimental values reported in the
literature [16,44,45], as well as our own measurements
for Hf0.5Zr0.5O2 (HZO) thin films, particularly when
d ≥ 9 nm.
For ultrathin films with thicknesses below 7 nm, the

theoretical predictions overestimate Ec compared to exper-
imental values. This overestimation is resolved by account-
ing for the reverse size effect observed in experiments,
where the out-of-plane lattice spacing (d111) increases with
decreasing film thickness [4]. Specifically, we find that a
0.5% tensile strain reduces the Pbcn-type 180° domain-
wall energy by 16%, while the value of Ps decreases by

only 4% [Fig. 3(c)]. By incorporating the effect of 0.5%
tensile strain on σj into Eq. (5), the theoretical Ec values
[transparent green line in Fig. 3(d)] closely match exper-
imental results for d ≤ 7 nm. Notably, the theoretical Ec is
approximately 4 MV=cm for d ¼ 5 nm, an excellent
agreement with experimental values for La-doped HfO2

[16] and Hf0.5Zr0.5O2 films [44,45]. Moreover, perfect
agreement between theory and experiment [black line in
Fig. 3(d)] for film thickness ranging from 5 to 20 nm is
achieved by introducing the reverse size effect as a
thickness-dependent strain that decreases linearly from
0.5% at d ¼ 5 nm to zero for d ≥ 10 nm. This assumption
is further supported by detailed microstructural analyses
of HZO films with varying thicknesses, as elaborated in
the following section.

E. Origin of the scaling of coercive
field with thickness

In predicting the thickness-dependent NLS-type Ec, we
assume that the polarization of a single domain is unaf-
fected by thickness variations, consistent with the scale-free
ferroelectricity of hafnia [3]. To validate this, we perform
structural characterization of HZO films (5–12 nm thick)
deposited on (001)-oriented La0.67Sr0.33MnO3 (LSMO)-
buffered SrTiO3 (STO) substrates using PLD. All films
exhibit well-defined polarization-electric field hysteresis
loops [Fig. 4(a)]. Figure 4(b) presents the x-ray diffraction
(XRD) θ − 2θ patterns for these films. Along with ð00lÞ
reflections from the STO substrates and LSMO electrodes,
all films exhibit a peak near 30°, corresponding to the
ð111Þo reflection of the ferroelectric o phase. Thicker
films also show a peak at 28°, attributed to the ð–111Þm
plane of the nonpolar monoclinic phase. The ð111Þo peak
shifts by less than 0.14° with increasing thickness, while the
remnant polarization decreases by over 50% [Fig. 4(a)].
These electrical and structural characterizations collectively

FIG. 4. Electric and structural characterizations of PLD-grown HZO films. (a) Polarization-electric field loops for HZO films of
varying thickness. (b) XRD θ-2θ patterns showing the ð111Þo reflection of the ferroelectric orthorhombic phase near 30°. The ð111Þo
peak shifts by less than 0.14° with increasing thickness. (c) Out-of-plane lattice spacing d111 as a function of thickness.
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demonstrate that the thickness-dependent reduction in
macroscopic polarization arises primarily from changes in
the volume fraction of the ferroelectric o phase, rather than
significant changes in the intrinsic polarization of the
ferroelectric domains, supporting our use of scale-free
ferroelectricity for Ec predictions.
The thickness dependence of intrinsic theoretical Ec

arises naturally from the requirement that the critical
nucleus size is comparable to the film thickness, leading
to a scaling relationship, Ec ∝ d−1. Experimental coercive
fields in thin films thicker than 9 nm indeed follow this
scaling behavior but show substantial deviations in ultra-
thin films. By introducing a thickness-dependent tensile
strain into our nucleation model, we recover the correct
scaling for films with thicknesses ranging from 3 to 20 nm.
As shown in Fig. 4(c), the (111) lattice spacing decreases
with increasing film thickness and saturates at a value of
2.97 Å beyond 10 nm. This corresponds to an out-of-plane
tensile strain of approximately 0.5% in 5 nm films, strongly
supporting the assumptions underlying our theoretical
predictions.
Overall, our nucleation model provides a minimal yet

robust framework to explain the thickness-dependent Ec
observed across a wide range of experiments, including
polycrystalline thin films grown by atomic layer depo-
sition [50–52] and epitaxial films grown by PLD
[15,16,33,43–45]. Furthermore, the strain’s thickness
dependence, which varies with fabrication methods,
accounts for the diverse scaling relationships reported
in the literature [14,32].

F. 180° domain-wall motions from MD simulations

Our combined theoretical and experimental investigation
reveals that the giant Ec observed in ferroelectric hafnia-
based thin films originates from NLS-type behavior, where
3D nucleus formation constitutes the rate-limiting step. We
propose that activating KAI-type switching, governed by
domain-wall motion, could significantly reduce Ec. To
explore this design principle, we first use MD simulations
to demonstrate that domains with preexisting domain walls
reverse under much lower fields compared to single
domains. Furthermore, the LGD model, informed by
MD-based rPEM insights into 2D nucleation at the wall,
predicts a theoretical lower limit for the intrinsic KAI-type
Ec to be as low as 0.1 MV=cm.
Here, we focus on the Pbcn-type 180° domain wall,

which features antiparallel Op atoms at the wall, as
illustrated in Fig. 1(c). It is important to note that the
Pbcn-type domain wall differs from the extensively studied
Pbca-type domain wall [3,21,23,53], where unit cells at the
wall adopt the Pbca phase. Specifically, the Pbcn-type
wall separates ðþTx;þAz;þPzÞ and ðþTx;þAz;−PzÞ
domains, while the Pbca-type wall separates
ðþTx;þAz;þPzÞ and ð−Tx;−Az;−PzÞ domains (see
Fig. S1 [46]). Our DFT calculations show that, although

the Pbca-type wall is the thermodynamically most stable
180° wall, it has a prohibitively large motion barrier of
1.3 eV [3,22], which is far higher than the motion barrier of
0.035 eV for the Pbcn-type wall. Our MD simulations
confirm that the Pbca-type wall is essentially immobile,
showing no movement even under a 7 MV=cm field
applied for 1 ns, while the Pbcn-type wall is mobile
and switches within 1 ns at a low field of 0.36 MV=cm. We
note that, in this context, the field strength primarily serves
as a measure of the ease of domain-wall motion. However,
it is not equivalent to the coercive field, as the coercive field
may also depend on the frequency of the applied elec-
tric field.
The mechanism of domain-wall motion extracted

from finite-field MD simulations at 300 K is illustrated
in Fig. 5(a). A distinctive feature is that the lateral one-
unit-cell (b) translation of the Pbcn-type wall occurs
through two sequential half-unit-cell (b=2) hops. This
behavior is markedly different from that observed in
perovskite ferroelectrics, where DWs typically advance
by an entire unit cell at a time [26,27]. Specifically, as
shown in Fig. 5(a), under a downward E, the wall shifts by
b=2 through Op → Onp, followed by another b=2 shift via
Onp → Op. The intermediate state features a t-type
domain wall where the unit cells at the interface adopts
the tetragonal P42=nmc phase. This two-hop mechanism
is corroborated by DFT-based NEB calculations. As
plotted in Fig. 5(b), the MEP displays a characteristic
two-hop profile, with a higher energy barrier for the first
hop followed by a shallower one for the second. In
contrast, the one-hop pathway involving simultaneous
Op → Onp and Op → Onp results in a much higher energy
barrier of 0.125 eV.
The velocities (v) for the Pbcn-type wall are quantified

using MD simulations across various temperatures (T) and
field strengths. The E dependence of v can be described
with a creep process [54,55]:

v ¼ v0 exp

�
−

U
kBT

�
EC0

E

�
μ
�
; ð6Þ

where v0 is the domain-wall velocity under an infinite field,
kB is Boltzmann’s constant, and U and EC0 represent the
characteristic energy barrier and electric field at 0 K,
respectively; μ is the creep exponent, which depends on
the dimensionality of the interface and the universality class
of the disorder landscape pinning the interface [56].
Equation (6) can be reformulated as

v ¼ v0 exp

�
−
�
Ea

E

�
μ
�
; ð7Þ

where μ ¼ 1 corresponds to the famous Merz’s law [57,58]
and Ea is the T-dependent activation field. By comparing
Eqs. (6) and (7), Ea is given as Ea ¼ ðTC0=TÞ1=μ with
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TC0 ¼ ðU=kBÞEμ
C0. Remarkably, all velocity data fit well

with μ ¼ 2. This is evidenced by the linear relationship
between ln v and 1=E2 and an accurate representation
of Ea ’s T dependence as Ea ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
TC0=T

p
, as shown in

Fig. 5(c) and the inset. A creep exponent of 2 is higher
than the well-known value of μ ¼ 0.25 for 1D magnetic
domain walls in ultrathin magnetic films [56] and μ ¼ 1
for 2D ferroelectric domain walls in typical perovskite
ferroelectrics [26,27].

G. LGD 2D nucleation model

We now develop a LGD model to explain the origin of
μ ¼ 2. The MD-based rPEM method is used to determine
the size (N�), measured as the number of Onp atoms, and
the shape of the critical nucleus at the wall (see Sec. IV).
Figure 6(a) displays the NðtÞ curve for the Pbcn-type wall
at 300 K and E ¼ 0.45 MV=cm, revealing multiple pla-
teaus, from which the average of N� is determined to be 38.
Consistent with the two-hop mechanism discussed above,
the critical nucleus mainly comprises a single layer of Onp

atoms and exhibits an elliptical shape in the xz plane. When
viewed in the Pz profile [Fig. 6(b)], its dimensions are l�x ¼
1.7 nm (width), l�z ¼ 2.7 nm (height), and l�y ¼ 0.25 nm
(thickness).
The energy of a quasi-2D nucleus at the wall is derived

using the same approach as that outlined for 3D nucleation.
The nucleation energy is given by ΔUnuc ¼ ΔUV þ ΔUI
with

ΔUV ¼ −Eη
Z

∞

−∞
dz

Z
∞

−∞
dy

×
Z

∞

−∞
dx
h
Pnuc
z ðx; y; zÞ − PDW

z ðx; y; zÞ
i

ð8Þ

and

ΔUI ¼
Z

∞

−∞
dz

Z
∞

−∞
dy

Z
∞

−∞
dxf½UlocðPnuc

z Þ þUxðPnuc
z Þ

þ UyðPnuc
z Þ þUzðPnuc

z Þ�
− ½UlocðPDW

z Þ þUyðPDW
z Þ�g: ð9Þ

Here, Pnuc
z is the Pz profile for a wall containing a nucleus,

and PDW
z is the profile for a nucleus-free wall. For an

elliptical nucleus of size lx × ly × lz, with diffuseness
parameters δx, δy, and δz, its boundary within the xz plane
is conveniently described with polar coordinates lθ and θ,
with lθ ¼ lxlz=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðlx sin θÞ2 þ ðlz cos θÞ2

p
. The Pz profile for

a wall containing a nucleus can then be approximated as

Pnuc
z ðy; ρ; θÞ ¼ Psgðy; ly; δyÞfðρ; lθ; δθÞ þ PDW

z ; ð10Þ

where gðy; ly; δyÞ characterizes the evolution of Pz

along the y axis in the presence of a nucleus, fðρ; lθ; δθÞ
is the evolution of Pz in the xz plane, and PDW

z ¼
Ps tanh½y=ðb=2Þ�. Figure 6(c) shows the profile of
Pnuc
z ðx; y; zÞ in the xz plane generated using the analytical

Eq. (10), agreeing well with the profile from MD.

FIG. 5. Domain-wall motions from MD simulations. (a) Mechanism for the motion of a Pbcn-type 180° wall deduced from MD
simulations. (b) Minimum energy pathways from DFT-based NEB calculations for the two-hop mechanism shown in (a) and a
hypothetical one-hop mechanism. (c) Plot of lnðvÞ versus 1=E2 at varying temperatures. The inset shows that the temperature
dependence of the activation field is well described by Ea ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
TC0=T

p
, supporting μ ¼ 2.
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The value of ΔUV is straightforwardly obtained by
integrating the difference between Pnuc

z and PDW
z , multi-

plied by the field strength. For ΔUI, we once again derive
an expression that depends solely on domain-wall energies
and Ps:

ΔUI ¼ ΔU0
i þ ΔUi

¼ 1

8

Z
2π

0

σwðlθ − δθÞ2dθ þ
1

2

Z
2π

0

σθδθlθdθ; ð11Þ

where σw represents the change in the interfacial energy
within the xz plane and σθ denotes the θ-dependent
interfacial energy for the diffusive interfaces along ρ
[Fig. 6(c)]. Both σw and σθ can be related to conventional
domain-wall energies (see details in Supplemental
Material, Sec. IV [46]). We emphasize that ΔU0

i results
from the change in domain-wall type during the formation
of a half-unit-cell-thin nucleus, a hallmark of the two-hop
mechanism where the intermediate state features a t-type

FIG. 6. 2D nucleation at the domain wall from MD simulations. (a) Nucleus size (N) in the number of Onp atoms versus time during
the nucleation process at a Pbcn-type wall, obtained using the MD-based rPEM method at 300 K and E ¼ 0.45 MV=cm. (b) Simulated
Pz profiles of a quasi-2D half-unit-cell-thin critical nucleus. The corresponding analytical Pz profile in the xz plane generated using
Eq. (10) are depicted in (c). (d) Comparison of critical dimensions l�x and l�z predicted by the LGD model and MD simulations across
various electric fields. (e) Field dependence of critical nucleation barrier ΔU�

nuc simulated with and without ΔU0
i. Comparison of 2D

nucleation at a 180° wall in (f) HfO2 and (g) PbTiO3. The nucleation at a Pbcn-type wall of HfO2 involves the change of domain-wall
type to the t type, associated with the change of domain-wall energy from σy to σ0y.
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wall [Fig. 5(a)]. Consequently, σw is proportional to the
domain-wall energy difference between the Pbcn-type and
t-type walls. This energy penalty is unique to domain walls
in HfO2. In contrast, nucleation at domain walls in
perovskite ferroelectrics, such as PbTiO3, does not involve
a change in the domain-wall type [see Fig. 6(g)].
As demonstrated in Fig. 6(d), the dimensions of the 2D

critical nucleus predicted by the LGD 2D nucleation model
show remarkable agreement with the results from MD-
based rPEM. Interestingly, we find that ΔU�

nuc scales with
1=E2 [Fig. 6(e)], indicating the nucleation rate J ∝
exp½−ðΔU�

nuc=kBTÞ� can be reformulated as

J ¼ J0 exp

�
−
�
Ea;n

E

�
2
�
; ð12Þ

where J0 is a preexponential factor and Ea;n is the effective
activation field for nucleation. This further corroborates the
finding that the creep exponent is μ ¼ 2 in Eq. (7). A series
of model calculations are performed using a nucleation
model without ΔU0

i to assess the impact of this unique
energy term on the field dependence of ΔU�

nuc. We observe
that omitting ΔU0

i yields a linear relationship between
ΔU�

nuc and 1=E. These results demonstrate ΔU0
i is the

atomistic origin for μ ¼ 2.

H. Intrinsic KAI coercive fields from
multiscale simulations

As the domain-wall motion governs the KAI-type
switching, the polarization-electric field (P − E) hysteresis
loop that determines the value of Ec can be simulated based
on the field-dependent domain-wall velocity [27]. A key
parameter needed in Eq. (7) is the activation field Ea, which
is directly linked to the critical nucleation barrier (ΔU�

nuc)
from the LGD 2D nucleation model. Using Avrami’s theory
of transformation kinetics, we derive the relationship
between ΔU�

nuc and Ea for domain-wall motions with
μ ¼ 2 as Ea ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi½1=ðDþ 1Þ�ðλΔU�
nuc=kBTÞ

p
E, where D

represents the dimensionality and λ is a scaling parameter
mapping ΔU�

nuc, associated with a half-unit-cell hop, to the
effective barrier encountered by a domain wall moving one
unit cell at a time (see Supplemental Material, Sec. V [46]).
For D ¼ 2 and λ ¼ 0.5, we calculate Ea values using the
LGD model at various temperatures, and the analytical
predictions agree well with MD results [Fig. 7(a)].
Leveraging the LGD model’s efficient prediction of Ea,
we can accurately simulate hysteresis loops driven by
domain-wall motion to determine Ec. As depicted in
Fig. 7(b), the P-E loop for Pbcn-type walls in HfO2 yields
Ec ≈ 0.1 MV=cm, even lower than the approximately

FIG. 7. KAI coercive fields from multiscale simulations and experiments. (a) Activation fields (Ea) obtained from MD simulations
compared with predictions from the LGD analytical model. (b) Simulated intrinsic polarization-electric field hysteresis loops in HfO2

thin films, driven by the motion of Pbcn-type walls. For comparison, the simulated hysteresis loop for PbðZr;TiÞO3 thin films is also
included. (c) XRD θ-2θ patterns for ðHfO2Þ3=ðZrO2Þ3 superlattice heterostructures with total film thickness of 20 and 60 nm.
(d) Polarization-electric field hysteresis loops for the superlattice heterostructures with insets showing the switching current-electric field
curves.
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0.2 MV=cm due to 180° domain walls in PbðZr;TiÞO3 thin
films [27].
The theoretical lower limit of 0.1 MV=cm for KAI-type

switching underscores the potential of domain-wall engi-
neering to significantly reduce Ec. One approach to activate
KAI-type switching is to increase the film thickness.
However, as shown in Fig. 4, thicker films (e.g., 12 nm)
exhibit a substantial volume fraction of the nonpolar
monoclinic phase. To address this challenge, we employ
artificially designed ðHfO2Þ3=ðZrO2Þ3 superlattice hetero-
structures, which enable the realization of thicker ferro-
electric films while suppressing the formation of the
monoclinic phase. As shown in Fig. 7(c), both 20 and
60 nm superlattices display a strong ð111Þo peak near 30°,
corresponding to the polar o phase, alongside minor
m-phase peaks at 28.2° and 34.5°. The 20 nm superlattice
demonstrates high o-phase stability with minimal m-phase
content, reflecting excellent growth quality. Although the
m-phase fraction increases in the 60 nm film, the o phase
remains dominant. This is confirmed by P-E loops and
switching current-electric field curves [Fig. 7(d)], showing
clear ferroelectric hysteresis and switching peaks. Notably,
the 60 nm superlattice achieves a remnant polarization
> 8 μC=cm2 with a low Ec of 1 MV=cm, much lower than
the 1.8 MV=cm in the 20 nm superlattice. This supports
geometry optimization that likely promotes domain-wall
motions as potential strategy to activate KAI-type switch-
ing and reduce Ec.

III. CONCLUSIONS

The multiscale approach developed in this work inte-
grates DFT calculations, MD simulations, and the analyti-
cal LGD model, enabling precise predictions of coercive
fields Ec in ferroelectric hafnia for both NLS- and KAI-type
switching. Atomistic insights into the critical nucleus,
particularly its shape and boundary lattice structure iden-
tified through MD simulations, are crucial for the accuracy
of the LGD model. The theoretical Ec values for NLS,
predicted using multiscale simulations, successfully repro-
duce the scaling of coercive fields for film thicknesses
ranging from 3 to 20 nm. We propose that the sample-
dependent reverse size effect, manifested as thickness-
dependent strain, explains the diverse scaling relationships
reported in the literature.
Our combined theoretical and experimental investiga-

tions reveal that the giant Ec in hafnia-based ferroelectrics
arises from the ultrathin geometry, which confines switch-
ing to the NLS mechanism. In contrast, the theoretical
lower limit for KAI-type Ec is remarkably low, at
0.1 MV=cm, rivaling that of perovskite ferroelectrics.
This low value is associated with Pbcn-type 180° domain
walls, whose motion involves a two-hop mechanism and
the formation of a half-unit-cell-thin elliptical nucleus.
The unconventional creep exponent of μ ¼ 2 for domain-
wall dynamics also arises from this mechanism. A

promising strategy to enable KAI-type switching is to
increase the film thickness to promote domain-wall
motion. This approach is validated by our experimental
demonstration of a low coercive field of 1 MV=cm in
60 nm PLD-grown ferroelectric ðHfO2Þ3=ðZrO2Þ3 super-
lattices. These findings provide a deeper understanding of
the mechanisms governing ferroelectric switching in
hafnia-based ferroelectrics and highlight the potential
for achieving low coercive fields through geometry
optimization and domain-wall engineering.

IV. METHODS

A. DFT calculations

All first-principles DFT calculations are performed using
the Vienna ab initio simulation package (VASP) [59,60]
employing the Perdew-Burke-Ernzerhof density functional
[61]. An energy cutoff of 600 eV and a k spacing of
0.5 Å−1 are sufficient to converge energy within 10−6 eV
and atomic forces within 10−2 eV=Å. The optimized
lattice parameters for the unit cell of Pca21 HfO2 are
a ¼ 5.266 Å, b ¼ 5.047 Å, and c ¼ 5.077 Å, with polari-
zation directed along the c axis (z axis). We identify the
MEP for polarization switching at the unit cell level using
the DFT-based variable-cell nudged elastic band technique
and a 12-atom unit cell consisting of four hafnium and eight
oxygen atoms. During this process, lattice constants are
allowed to relax. The domain-wall energy (σ) at 0 K is
estimated using the following equation:

σ ¼ EDW − Ebulk

2SDW
; ð13Þ

where EDW is the total energy of a 1 × 24 × 1 supercell
containing the domain walls [see Fig. S1(a) [46] ], Ebulk is
the energy of an equivalent-sized single-domain Pca21
HfO2 supercell, and SDW denotes the domain-wall area.
The atomic positions and lattice constants of the supercell
are fully optimized. Because of periodic boundary con-
ditions employed in DFT calculations, each supercell
includes two DWs, which is accounted for by the factor
of 2 in the denominator in Eq. (13). The DFT values of
domain-wall energies are reported in Table S1 [46].

B. Deep potential from DFT

The deep neural network-based model potential, referred
to as deep potential (DP), employed in MD simulations
maps an atom’s local environment to its energy (Ei), the
sum of which gives the total energy E: E ¼ P

i Ei. The
training database includes energies and atomic forces of
21 790 HfO2 configurations and 34 222 oxygen-deficient
HfO2−δ configurations, 96 domain-wall configurations, all
computed with DFT. These configurations span various
phases, including P21=c, Pbca, Pca21, and P42=nmc, as
well as some intermediate states during polarization
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switching structures. Figure S3 [46] presents a comparison
between the energies and atomic forces for all configurations
in the training database as calculated by both DP and DFT,
demonstrating a high level of agreement between DFT and
DP calculations. The DP model exhibits a mean absolute
error of 3.17 meV=atom for energy and 0.15 eV/ Å for
atomic force. Additional tests confirming the accuracy of the
DP model are presented in Supplemental Material, Sec. II
[46]. In an effort to improve reproducibility, we have
developed an online notebook [62] to share the training
database, force field model, and training metadata.

C. MD simulations

To establish the electric field dependence of 180°
domain-wall velocity (v) in ferroelectric HfO2, we perform
isobaric-isothermal (NPT) ensemble MD simulations with
a deep potential of hafnia over a wide range of temperatures
and electric fields using LAMMPS [63]. Temperature control
is achieved using the Nosé-Hoover thermostat, while
pressure is maintained through the Parrinello-Rahman
barostat. The time step for the simulations is set at 2 fs.
To account for the effects of electric fields in classical MD
simulations, we adopt the force method [64]. This approach
involves adding an extra force to each ion, calculated by
multiplying the ion’s Born effective charge by the electric
field’s intensity. We use a 8 × 24 × 8 supercell comprising
18 432 atoms to model 180° domain walls, which separate
two domains with opposite polarization along the z axis. The
supercell is first equilibrated at the designated temperature
for a minimum duration of 50 ps. Following this, the electric
field along the z axis is activated.Thevalue ofv is determined
directly by tracking the distance traveled by thewall within a
specific time frame. Considering the stochastic nature of
nucleation, we perform at least 20 simulations with slightly
varying initial configurations at each set temperature and
electric field to determine average velocities.

D. Determine critical nucleus with MD-based rPEM

Conventional MD simulations are limited in capturing
nucleation at the domain wall under low-strength electric
fields, as such events are too rare over the accessible
timescales. To address this, we have adapted the persistent-
embryo method, originally developed for modeling 3D
crystal nucleation from liquids [47]. Our modification,
referred to as the revised PEM (rPEM), is specifically
tailored for simulating electric field-driven nucleation in
ferroelectrics. In the rPEM approach, a 3D embryo con-
taining N0 switched oxygen atoms is initially embedded
within a single-domain configuration. Similarly, for sim-
ulating nucleation at a wall, a 2D embryo comprising N0

switched oxygen atoms is embedded within the unswitched
domain-wall region. During the simulation, if the position
of an oxygen atom changes by more than 0.3 Å relative to
its initial position, it is then classified as switched and
included in the embryo. A tunable harmonic potential is

applied to each oxygen atom of the embryo to prevent
backswitching. This strategy effectively suppresses long-
term nucleation fluctuations in smaller nuclei. The potential
is progressively weakened and ultimately removed once
the nucleus size (N) exceeds a subcritical threshold (Nsc).
The spring constant of the harmonic potential follows the
formula kðNÞ ¼ k0½ðNsc − NÞ=N� if N < Nsc and becomes
zero kðNÞ ¼ 0 otherwise, as sketched in Fig. S2 [46]. By
using an adaptive spring constant that reduces to zero
before the critical nucleus size is reached, rPEM ensures
that the system’s dynamics are unbiased at the critical point.
The observed plateau on the nucleus size versus time curve,
NðtÞ, then indicates the period during which the nucleus
size oscillates around N�. This fluctuation allows us to
determine the shape and size of the critical nucleus in an
unbiased environment.

E. Pulsed-laser deposition of thin-film heterostructures

Heterostructures consisting of 10 nm
La0.67Sr0.33MnO3ðLSMOÞ=x nm Hf0.5Zr0.5O2 (HZO)
films (x ¼ 5–12 nm) and 10 nm LSMO=y nm
ðHfO2Þ3=ðZrO2Þ3 superlattices (y ¼ 20 and 60 nm) were
epitaxially grown on (001)-oriented single-crystal STO
substrates using pulsed laser deposition (PLD, Arrayed
Materials RP-B). The ðHfO2Þ3=ðZrO2Þ3 superlattices were
fabricated by alternating deposition from HfO2 and ZrO2

targets. The bottom LSMO electrode was deposited at a
substrate temperature of 700 °C with a laser fluence of
0.8 J=cm2 and a repetition rate of 3 Hz. The ferroelectric
HZO films and ðHfO2Þ3=ðZrO2Þ3 superlattices were sub-
sequently deposited at 600 °C using a laser fluence of
1.3 J=cm2 and a repetition rate of 2 Hz for all targets. After
deposition, the heterostructures were cooled to room
temperature at 10 °C=min under a static oxygen pressure
of 104 Pa. Circular platinum (Pt) top electrodes, 90 nm
thick, were deposited via magnetron sputtering (Arrayed
Materials RS-M) after photolithography, with varying areas
to suit different measurements.
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