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ABSTRACT: We have developed an extension of the Neural dPqy
Network Quantum Molecular Dynamics (NNQMD) simulation Zop=0Q+Q o~
method to incorporate electric-field dynamics based on Born E=0

effective charge (BEC), called NNQMD-BEC. We first validate U
NNQMD-BEC for the switching mechanisms of archetypal o (()o )
ferroelectric PbTiO; bulk crystal and 180° domain walls (DWs). "' - )
NNQMD-BEC simulations correctly describe the nucleation-and-
growth mechanism during DW switching. In triaxially strained
PbTiO; with strain conditions commonly seen in many superlattice
configurations, we find that flux-closure texture can be induced with
application of an electric field perpendicular to the original
polarization direction. Upon field reversal, the flux-closure texture
switches via a pair of transient vortices as the intermediate state,
indicating an energy-efficient switching pathway. Our NNQMD-BEC method provides a theoretical guidance to study electro-
mechano effects with existing machine learning force fields using a simple BEC extension, which will be relevant for engineering
applications such as field-controlled switching in mechanically strained ferroelectric devices.

F(E)~FNN(0)+Z ZapEp
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ver past few years, there has been considerable

development in forming topological structures (e.g,
skyrmions, merons, vortices, and flux closures) in strained
oxide superlattices.' " Dynamical control of these topological
structures has garnered great interest for the development of
next-generational ferroelectric devices, as they are topologically
protected from thermal noise and can be directly manipulated
through control of the mechanical strain and polarization
boundary conditions that give rise to their emergence. This has
created a new field of “ferroelectric topotronics”, where one
tries to manipulate topological defects through optical,
mechanical, or electrical means.®™**

Rational design and control of polar topologies require
fundamental understanding of their dynamics on picosecond-
to-nanosecond time-scales and nano—micrometer length
scales.® Ab-initio quantum molecular dynamics (MD)
simulation is a promising tool to explore the dynamics of
emerging topological textures; however, exploring sufficient
spatiotemporal scales with required quantum-mechanical
(QM) accuracy is computationally intractable. Over the past
decade, there has been growing movement to incorporate
machine learning (ML) interatomic potentials that offer a
comparable accuracy of the underlying QM theory with
fractions of the computational cost.">~"* For example, Linker
et al. have developed multiscale NNQMD simulation frame-
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works to explore optical and mechanical manipulation of
various topological structures in PbTiO; (PTO) based
ferroelectric structures.”'” However, studying the electric
field dynamics with ML interatomic potentials poses a unique
challenge, as there is no description of atomic charge in
commonly available NNQMD models. Notable breakthrough
are so-called the third and fourth generation high-dimensional
neural network potentials (HDNNPs) that incorporate some
form of charge/ coulomb interaction and dynamic charge
transfer.'® However, these methods do not incorporate the
rescreening of the electron density from the applied field and
require retraining the model parameters in the presence of an
electric field.

Here, we propose a simple extension based on the BEC
method combined with the existing NNQMD model®'? to
investigate switching dynamics in an archetypal PTO system.
Our NNQMD-BEC scheme naturally takes into account the
rescreening effect by the BEC extension to first order. We first
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Figure 1. Evolution of polarization in a bulk PTO crystal under an electric field of 3 MV/cm. Red and blue arrows represent the dipole moments

that are parallel and antiparallel to the electric field, respectively.

examine the NNQMD-BEC scheme with the well-charac-
terized switching dynamics of bulk PTO crystal and one with
180° DWs. The switching process has been well studied in
molecular dynamics simulations with different domain wall
geometries.'”'® In addition, the PTO polarization structure,
bonding, and other electronic properties in domain walls,
surfaces, and heterostructures have been well studied from
first-principles making it an ideal system for validation of the
model.""*"

After the validation, we examine electric field dynamics of a
PTO crystal subjected to a triaxial loading, i.e., biaxial tensile
(in the a and b axes) and uniaxial (in the c-axis) compressive
loading, to mimic strain conditions often seen in PTO based
oxides superlattices and strained thin films.”*>*>** We find
that, under these strain conditions, an applied electric field
perpendicular to the polarization axis can induce a flux closure
domain that remains after the removal of the electric field with
remnant polarization along the applied field direction. We then
finally examine the ferroelectric switching dynamics of the
remnant polarization in the flux closure domain, where an
efficient energy pathway with a vortex state as the intermediate
state is found.

Our NNQMD-BEC scheme utilizes the BEC tensor, which
for an atom in a crystal represents the linear response of the
electronic polarization of crystal with respect to the displace-
ments from its equilibrium position:**

dr,

(a, p € {x,y, 2})
duﬂ o

(1)

where Q is the bare charge, Q is the unit cell volume, P is the
electronic polarization, and u is the displacement of the atom
from its equilibrium position.

The same coefficient describes the linear response of atomic
force F from an applied electric field E, because both terms are
connected to second-order derivative of the energy with
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respect to atomic displacements and a macroscopic electric

field:**
dF

a

Zap = dE,

2)

Thus, within a linear response regime, the change in the forces
predicted from a neural network model Fyy may be obtained
as

dE
Fin(B)~ Fin(0) + 3 S, + 0(E) o
P

assuming Fyy has learned the ground-truth density functional
theory (DFT) forces used to compute the BECs. This will
incorporate the change in forces due to not only the electric-
field and ionic interactions but also screening and redis-
tribution of electron density due to the high-frequency
dielectric constant €.

We examine the dynamics of ferroelectric switching of bulk
PbTiOj; utilizing the existing NNQMD force field developed in
ref 12. The previously developed NNQMD model was used to
predict the ground-state forces, whereas the Born effective
charge tensor at the equilibrium PbTiOj; position from the
literature was used to apply the electric field. The NNQMD
force field in this work utilizes a feed-forward neural network
with two hidden layers and 20 nodes in each layer and
hyperbolic tangent activation function. To capture local atomic
environments, it employs an energy model based on the
symmetric functions proposed by Behler and Parrinello."*"*
The training data consists of multiple density tetragonalities
and high temperature configurations and is available at
https://zenodo.org/record/7293180. The model is trained in
the Aenet software'> and implemented in the RXMD
molecular dynamics software.”® Complete description of the
training process is provided in ref 12. The used NNQMD
model was previously validated using various elastic and
structural properties'” and also examined the dynamics of 180°
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Figure 2. Switching dynamics in a 180° DW at 300 K. (a) Initial DW structure. (b and c) Evolution of DW switching at t = 1 and S ps after turning
on the electric field, respectively. (d—g) Progression of dipole moment in PTO unit cells at the DW. An initial flip of dipole moment due to the
applied electric field quickly grows into a line of polarizations parallel to the field (1D growth), followed by the lateral growth (2D growth) at the
DW. (h—j) the time evolution of total polarization with three different field strengths.
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Figure 3. Polarization rotation during switching. Panel (a) shows dynamics during the switching process for a given unit cell that resembles the
Neéel-type rotation, while panel (b) shows more Bloch-type rotation. The DW wall is along the x axis, and the polarization axis is the z axis in this
figure. Each snapshot is 50 fs apart. (c) Distribution of Ti polar displacements right at the point of switching (D, = 0 A).

DWs and polar skyrmion domains that has shown consistent
behavior with state-of-the-art experimental imaging techniques
and phase-field simulation studies.””’ The system consists of
40 X 40 X 40 PTO unit cells with uniform polarization along
the negative c-axis at the beginning of the simulation. The
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PTO crystal was subjected to an electric field of 3 MV/cm in
the opposite direction of the system polarization, i.e., along the
positive c-axis. The polarization dynamics with snapshots at
several time points are listed in Figure 1. The first nucleation of
opposite polarization domain was observed after 17.5 ps, and

https://doi.org/10.1021/acs.nanolett.3c01885
Nano Lett. 2023, 23, 7456—7462
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in the following picosecond (18.5 ps from field activation) a
columnar domain has formed via a series of dipole moment
reversal events. Subsequently the columnar domain grew
laterally showing the 2D propagation outward from its DW.
The nucleation-and-growth behavior is found similar to
previous MD simulation studies of ferroelectric switching in
PTO crystals.'”"®

To obtain atomistic-level insights of the switching dynamics,
we have created a PTO crystal consisting of 50 X 6 X 6 unit
cells with two 180° DWs inserted at the middle and the edge
of the system. The system is thermalized at 300 K and then
subjected to an electric field of 3 MV/cm along the
polarization direction (c-axis). Figure 2a shows the thermalized
DW before applying an electric field. The dipole moments at
the DW are rather diffuse with reduced magnitude, which is
consistent with previous molecular dynamics study.'”'® Figure
2b,c shows the evolution of the DW under the field. The
switching of polarization started at the DW and steadily
progressed through the system. In the DW, a few dipole
moments flipped initially due to thermal fluctuation and field
bias (Figure 2d), which subsequently cascaded into dipoles
along the ¢ axis (Figure 2e). The line of flipped dipole
moments further influenced the adjacent dipole moments and
laterally propagated within the DW (Figure 2fg). We
examined the switching dynamics with three different field
strengths (Figure 2h—j). With the lowest field strength of 1
MV/cm, the DW switching was completed in 2.2 ns, showing a
discrete stick—slip behavior.

During the switching process, we also monitor the dynamics
of dipole moments measured by the displacement of the Ti
atom relative to the oxygen octahedron, in which the center of
the octahedron is taken as the reference position (ie, P = 0).
Figure 3a,b shows the time evolution of individual dipole
moments during the switching process under an electric field
of 3 MV/cm. The «x axis is along the DW direction, and the z
axis is the polarization axis. The dynamics in Figure 3a closely
resembles that of a Neéel-type rotation around the polarization
axis, while in Figure 3b the dynamics resemble those of a
Bloch-type rotation. We further investigated the switching
dynamics by categorizing the individual dipole moments as
Bloch-, Néel-, or Ising-type rotation based on the distribution
of dipole moment orientation at the middle point of the
switching (see Figure 2c). Though the classification of rotation
types (Bloch, Néel, and Ising) can be improved by further
sampling, the significant presence of Bloch and Néel
components shown in Figure 3c indicates the importance of
non-Ising switching pathways inside DWs. This indicates that
at room temperature ferroelectric switching is truly a
multiphonon process as the typical transverse optical modes
responsible for the ferroelectricity displace the atoms only in
an Ising-like manner. Such knowledge will be relevant for
comparing to ultrafast switching pathways in the optical or
terahertz (THz) regime which is induced by coupling to these
modes directly.

We next examined the electro-mechano effect in polarization
dynamics by using a triaxially strained PTO lattice (com-
pressed in the polarization direction and expanded in the other
two directions) that are often seen in the ferroelectric—
dielectric superlattices.”>*>*> We have applied a triaxial strain
of 2% compression along the c-axis and 2% expansion along the
a- and b-axes. We first thermalized and strained a 32 X 32 X 4
supercell structure at temperature 300 K over 30 ps, then
applied an electric field of 3 MV/cm. Figure 4a presents the
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Figure 4. Polarization dynamics in strained PTO under an electric
field. (a) a—b plane lattice structure of PTO prior to application of the
electric field. (b) Plastically deformed a—b plane after application of
the electric field. (c) Displacement of Pb atoms under the electric
field. Polarization texture exhibits a Bloch-like rotation in response to
the applied field. (d—f) Polarization and strain fields (e, and €,,)
under the electric field, respectively.

initial strained PTO structure thermalized at 300 K before
applying the electric field, in which the system shows a uniform
distribution of atoms without any a—b polarization texture.
Through the triaxial strain, the polarization along the original ¢
axis is reduced and polarization becomes more favorable to be
induced along the a and b axes. We found that applying an
electric field along the a axis induces a net polarization on the
system along the field direction, while zero polarization along
the other directions and a resulting flux closure texture. Figure
4b illustrates the atomic coordinates in the a—b plane, which
has deformed from the applied field configuration in Figure 4a.
The displacement of lead (Pb) atoms from the zero-field
configuration is illustrated in Figure 4c, and dipole moments
on the a—b plane are illustrated in Figure 4d. The polarization
texture results from a Bloch-type rotation’s atomic planes from
the zero-field structure. The texture forms due to the complex
interplay between the applied electric field and the induced
strains. Through compressing along ¢ and expanding along the
a—b directions, we have lowered the energy barrier to polarize
in the system in the a—b plane. Thus, applying a field to
uniformly polarize the system along either the a or b axis will
drive the system to expand along the field direction. Since the
system is still constrained, this causes the atomic planes to slip
and form high regions of local strain to compensate for the
system’s inability to expand, which is illustrated in Figure 4e,f.
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Figure S. Dynamical switching of flux closure domain subjected an electric field of 300 kV/cm. (a) Potential energy profile (including the field
energy) during the switching process. (b—d) Evolution of dipole field during the electric field reversal. A pair of vortices has emerged in the middle

and facilitated the switching.

The behavior is similar to the buckling of atomic planes
observed in the ferroelectric and chirality switching of polar
vortices in strained SrTiO;(STO)/PTO superlattices.” Here,
we further report that our buckling dynamics have a
topological character in the form of Bloch rotation of the
atoms. The emergence of such a topology from competition
between strain and electrical stimuli has yet to be discussed in
the literature. Of note, while the unit-cells undergo Bloch
rotations, this is not the polarization topology that emerges.
This is because the unit-cell rotations are a result of the long-
range strain constraints and the polarization emerges from
small local displacements within the unit-cells that cause the Ti
and Pb atoms to be off center. Understanding the link between
these two different topologies will be critical for developing
energy efficient topotronic devices. The induced texture and
net polarization remained unchanged after removal of the
electric field, indicating a potentially ferroelectric state. The
dynamics after removal of the field are illustrated in
Supplementary Movie S1.

In dielectric/ferroelectric superlattices, local polarization curl
in the form of vortices and flux closure domains forms due to
both charge and strain boundary conditions applied on the
ferroelectric layer;”> however, topological structures have
formed in strained PTO thin films from strain and surface
interaction alone.* Our results demonstrate how introduction
of an external field can plastically deform the Iattice,
introducing topological defects that are maintained by strain
boundary conditions alone after removal of the field. Such
dynamics are likely relevant to electrical manipulations of
strained PTO thin films, such as polar Meron lattices in
strained PTO."

We next examined the switching dynamics of the flux-
closure state by applying an electric field against the induced
polarization, (i.e., changing the field direction) to see if the flux
closure state could be ferroelectrically switched. We found that
the net polarization can be switched. By monitoring the
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potential energy of the system during the switching process, we
observed a clean double-well energy structure in which the
initial and the final states are separated by a well-defined
energy barrier. This energy barrier is illustrated in Figure Sa.
Figure Sb—d displays the polarization patterns at the initial
state (time ¢ = O ps), during the transition (t = S ps), and after
the switching (t = 10 ps), respectively. It was found that a field
of 300 kV/cm was required to cleanly switch the structure
within 10 ps. This field was much smaller than was required in
the bulk and DW systems to obtain a similar switching speed.
During the switching, we found the formation of a pair of
vortices with opposite chirality (i.e., clockwise and counter-
clockwise) near the kinks of the flux closure structure (Figure
Sc). Each vortex with the radius of roughly 3 nm has zero net
polarization. By going through the vortex pair texture with zero
net polarization, switching of the flux closure texture may be
facilitated without incurring polarization perpendicular to the
applied electric field, thereby realizing an energy efficient
switching pathway. A video of the dynamical switching is
shown in Supplementary Movie S2.

In conclusion, we have developed a NNQMD-BEC method
to explore the electro-mechano response of switching
dynamics in PTO. Our NNQMED-BEC scheme has
successfully reproduced a conventional layer-by-layer growth
mechanism during 180° DW switching. During the DW
switching however we found a mixed Bloch- and Néel-type
character in dipole moments rotations that is also found in the
DW structure of PTO at low temperature.” This indicates that
at room temperature ferroelectric switching is truly a
multiphonon process and will be of interest when comparing
the optical or THz switching of ferroelectricity which are
typically aimed at coupling to optical ferroelectric modes that
displace the atoms in an Ising-like manner. We then examined
the electric field response of a triaxially strained PTO lattice
where the flux closure texture can be permanently induced,
even after turning the electric field off. Flux closure domains
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have technological interest due to their potential for high-
density nonvolatile ferroelectric random access memory
applications, as well as novel sensor and transducer
applications." We find that the flux closure emerges from
buckling dynamics that have topological character in the form
of Bloch rotation of the atoms. This is not the polarization
topology that emerges, which we ascribe to the unit-cell
rotations being a result of the long-range strain constraints, and
the polarization emerges from small local displacements within
the unit-cells that causes the Ti and Pb atoms to be off center.

We then examined the electric field response of a triaxially
strained PTO lattice where the flux closure texture can be
permanently induced even after turning the electric field off.
Our simulation has also revealed an energy-efficient switching
pathway going through the formation of a transient vortex pair
while keeping the lateral net polarization as zero.

The NNQMD-BEC method described in this work offers a
simple but effective drop-in theoretical tool for many existing
ML force fields to study the electro-mechano dynamics.
Understanding such dynamics will be relevant in electrical
manipulations in novel ferroelectric devices involving nano-
structured superlattice and standalone thin films.®
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Video of dynamics after removal of the field in creation
of the flux closure domain; vectors are colored by
polarization along the direction the field was originally

applied (b axis) (MP4)

Video of dynamics during switching of the flux closure
domain; vectors are colored by polarization along the b
axis (MP4)
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