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ABSTRACT: Mechanical controllability of recently discovered topological defects (e.g.,
skyrmions) in ferroelectric materials is of interest for the development of ultralow-power
mechano-electronics that are protected against thermal noise. However, fundamental
understanding is hindered by the “multiscale quantum challenge” to describe topological
switching encompassing large spatiotemporal scales with quantum mechanical accuracy. Here,
we overcome this challenge by developing a machine-learning-based multiscale simulation
framework—a hybrid neural network quantum molecular dynamics (NNQMD) and molecular
mechanics (MM) method. For nanostructures composed of SrTiO; and PbTiO;, we find how
the symmetry of mechanical loading essentially controls polar topological switching. We find
under symmetry-breaking uniaxial compression a squishing-to-annihilation pathway versus
formation of a topological composite named skyrmionium under symmetry-preserving isotropic
compression. The distinct pathways are explained in terms of the underlying materials’
elasticity and symmetry, as well as the Landau—Lifshitz—Kittel scaling law. Such rational

control of ferroelectric topologies will likely facilitate exploration of the rich ferroelectric “topotronics” design space.

he formation of topological defects originally seen in

particle physics such as skyrmions and merons' ™ in the
spin fields of ferromagnetic materials has garnered attention
over the past two decades in the field of spintronics for the
development of next generation information transfer and
memory devices such as racetrack memory.* Recently, there
has been growing effort to synthesize the electric analogue of
these topological structures in ferroelectric materials, with the
most prominent example being the synthesis of polar vortex
states and skyrmion bubbles in paraelectric/ferroelectric
SrTiO; (STO)/PbTiO; (PTO)-based namosuperlalttices.5_lo
The emergence of such topological structures in these
heterostacks relies on a subtle balance of the strain gradients
and polarization fields within the materials, which make them
ideal for exploring low-power next generation devices, where
optical, electrical, and mechanical manipulation of these strain
and polarization fields switches structures that are topologically
protected from thermal noise.'”'> The majority of efforts in
topological manipulation of these vortex and skyrmion states
has focused on direct manipulation of the charge and
polarization boundary conditions that give rise to skyrmion
or vortex formation with static electric fields and ultrafast laser
pulses, where topologically based switching has been
experimentally and theoretically demonstrated.”””'*7"°
While mechanical writing of ferroelectric polarization has
been demonstrated,'® direct mechanical manipulation of polar
topological structures has been less explored, with primary
efforts focused on strain engineering through modification of
sample temperature, thickness, and substrate lattice mis-
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match.'” %% In particular, little is known about the stability
and phase changes of these topological defects to externally
applied mechanical stresses. As a wide variety of loading modes
and symmetries can be adopted for mechanical stimuli that can
directly control strain fields within these nanostructures, it is
most compelling to investigate the mechanical control of polar
topology in order to establish a fundamental science of polar
topological switching.

The rational mechanical control of polar topologies requires
a fundamental understanding of the switching dynamics on
picosecond to nanosecond time-scales on 10s to 100s of
nanometers spatial scales."' In particular, it is essential to
describe the dynamical response of the strain gradients to
mechanical manipulation and the corresponding response of
the polarization through static and dynamical flexoelectric
effects.’””** In this regard, simulation methods utilizing
atomistic level dynamics offer an appropriate theoretical
framework; however, one of the main difficulties in exploring
such phase changes atomistically is the prohibiting computa-
tional cost in modeling the polarization dynamics within the
ferroelectric layer with quantum mechanical (QM) accuracy
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Figure 1. NN/MM model of STO/PTO superlattice ground-state structure. (a) NNQMD framework used for NN engine. Atomic coordinates are
used to construct symmetry functions, which are fed into a neural network to predict energy, force, and stresses. (b) STO/PTO heterostack of 8 X
16 X 8 STO—PTO—STO unit cells with periodic boundary conditions. R¢ and R represent the core and buffer radius to linearly mix the NNQMD
and MM interactions at the boundary. (c) Represents the initial condition of the circular, oppositely polarized domain for the STO/PTO
superlattice. (d) Top perspective view of STO/PTO skyrmion structure after relaxation. (e) Front perspective view of the skyrmion after relaxation.
(f) (001) Plane view of polarization vectors with background density colored by interpolated [001] polar displacements of Ti atoms D,. (g) (001)
Plane view of polarization vectors with background colored by the topological charge density g.

on the spatiotemporal scales that these topologies emerge
while maintaining the appropriate boundary conditions applied
by the paraelectric layer. We addressed this challenge by
employing a hybrid neural network” (NN) and molecular
mechanics (MM) framework. Our framework draws from the
hugely successful field of physics-informed machine learning
(ML)** and expands it to physics—ML hybridization in the
spirit of the celebrated multiscale simulation approach called
QM/MM, which received the 2013 Nobel prize in
chemistry.”>*® In our NN/MM approach, a highly scalable
neural network—quantum molecular dynamics

11336

(NNQMD)'**"7*? force field is trained using ab intio
molecular dynamics (MD) simulation data to accurately
describe complex polarization dynamics within the ferroelectric
layer, which, in turn, is embedded in a classical force field that
correctly applies the essential strain and null polarization
boundary conditions imposed by the paraelectric layer.

We applied the NN/MM framework to the study of
mechanical manipulation of polar skyrmions in STO/PTO
nanostructures under compressive strain. Individual MM and
NN force fields were found to produce mechanical properties
in good agreement for measured bulk STO and PTO, and the
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NN/MM model successfully describes the formation of polar
skyrmions in STO/PTO nanostructures consistent with
experimental and second principles and phase field simu-
lations.”® We examined the dynamics of these skyrmions in
two strain modes with different symmetries: (1) uniaxial
compression along the ¢ polarization axis to mimic uniaxial
loading along the polarization direction, and (2) isotropic
compression to examine the effects of symmetry-preserving
deformation of the skyrmion system.

Under the symmetry-breaking uniaxial compression, we
found a squishing-to-annihilation phase transition marked by
interfacial depolarization and rotation of the TiOg octahedra of
PTO near the interface. We determined the depolarization at
the interface to be due the compliance of the local ¢ lattice
constant to STO because of its stiffer C,; elastic constant,
which eventually results in complete loss of polarization in the
heterostack within picoseconds. Such mechanically induced
rapid depolarization of the skyrmion structure could be of
interest for pulsed power technologies through the force—
electric effect.””*!

Under the symmetry-preserving isotropic compression,
however, polarization reduction occurs, but annihilation is
not seen. Skyrmion domains can become punctured, thereby
leading to the formation of concentric skyrmions with opposite
topological charges upon unloading of the pressure. The
combination of the two oppositely charged skyrmions form a
topological composite called skyrmionium,** which has been
investigated in magnetic materials for next generation
spintronics based devices”*>™>® but not in ferroelectric
materials. To the best of our knowledge, this is the first
demonstration of skyrmion-to-skyrmionium “reaction” in
ferroelectric materials. Moreover, we explain such “topological
mechano-chemistry” on the basis of the well-known Landau—
Lifshitz—Kittel scaling laws®’~*° for domain size versus
thickness for ferroelectric and ferromagnetic domains. Namely,
a decreasing sample thickness size increases the number of
domains within the sample, which is consistent with the new
domain walls creating the skyrmionium topology in the thinner
structure. The observed skyrmion-to-skyrmionium phase
transition offers a mechanical pathway to introducing more
regions in the superlattice with local polarization curl and
divergence, which are anticipated to enhance the macroscopic
dielectric properties of the superlattice.”

In both strain modes, a phase transition occurs when the
PTO lattice cannot maintain proper stress/strain gradients for
the skyrmion because of the compression, but how this
gradient is dissipated, and the corresponding dynamical
response of the polarization, is fundamentally different
depending on the symmetry of the applied strain modes.
Overall, our machine-learning-based multiscale NN/MM
simulations illuminate the complex interplay between the
symmetry of the strain and polarization boundary conditions in
the formation of topological defects while further demonstrat-
ing the ability of ferroelectric materials to materialize
topolllo%ical defects seen in the sister field of ferromagnet-
ism. ~’

We explored the effects of mechanical manipulation of
STO/PTO superlattices by first developing NN/MM force
fields to describe their interactions. A diagram of the workflow
for the neural network quantum molecular dynamics
(NNQMD)'**"™* framework used for the NN engine to
describe the dynamics in the PTO nanolayer within the NN/
MM model is illustrated in Figure la. Atomic positions for a

given lattice configuration from a density functional theory
(DFT)-based quantum molecular dynamics (QMD) trajectory
are used to compute highly scalable symmetry functions*”*'
that are then fed into a neural network, which is trained to
predict the total energy of the quantum system computed from
DFT. The NNQMD model was evaluated in terms of structure
prediction with computation of the radial distribution
functions and elastic properties with computation of the bulk
modulus and elastic constant tensor. The NNQMD model was
found to have good agreement with the DFT data and
experiment. Details on the DFT training data generation, as
well as model training and validation, are provided in the
Methods section and Supporting Information section SI on
NNQMD model training and testing. The appropriate
boundary conditions of a paraelectric (zero) polarization
field and strain applied by the cubic STO layer in an STO/
PTO heterostack were applied by fitting an empirical
interaction to reproduce the bulk modulus and cubic lattice
constant for STO so as to describe its applied mechanical
strain on the PTO layer correctly while maintaining a zero
polarized field. The MM model was also found to have good
agreement with the experiment in regard to the elastic modulus
tensor. Details of the MM force field are provided in the
Supporting Information section SIIL

After validation of the prediction of desired bulk properties
by the NNQMD model for PTO and by the MM model for
STO, we examined if a combined NN/MM framework using
the individually trained models could correctly describe polar
skyrmion formation in the heterostack. We created a
heterostack such that, along the [001] direction, 16 unit cells
of PTO were stacked in between 8 unit cells of STO on each
side with periodic boundary conditions for a total of 32 unit
cells (16STO/16PTO), as illustrated in Figure 1b. The
structure was expanded with 32 X 32 unit cells in the [100]
X [010] directions. We handled the boundary between the
STO/PTO region by employing a “core+buffer” approach
commonly used in linear-scaling divide-and-conquer DFT
simualtions.*” From the center of the PTO region, a core
distance R is defined for within which the forces and energies
are determined by the NNQMD model. A second buffer
distance Ry (>R() is defined for which interactions of atoms
within R < z < Ry are combined between the MM model for
STO and the NNQMD model for PTO with linear support
functions that form a partition of unity of the entire MD box.
Beyond Ry, the interaction is described purely by STO MM.
This approach is similar to linear interpolation approaches
used in second-principles-based methods® and other buffer
domain approaches in the rapidly emerging field of NN/MM
force field development.”’ Further details on the boundary
condition are provided in Supporting Information section SIL

The creation of the skyrmion was seeded by cutting out a 3.2
nm circle in the center of the PTO region superlattice and
giving it opposite polarization, as illustrated in Figure lc. A
low-temperature simulation (10 K) in the canonical (NVT)
ensemble was then performed to obtain the ground-state
structure. Upon relaxation, we found the formation of
skyrmions to be in line with what has been previously reported
experimentally and with second-principles and phase-field
simulation approaches.”® A video of the skyrmion formation is
provided in Supporting Video S1. The stability to thermal
noise was tested up to 300 K with simulation in the NVT
ensemble, for which the skyrmion was found to be stable. A
video of thermalization is shown in Supporting Video S2. A top
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Figure 2. Skyrmion evolution under uniform compression. (a,b) Top slice of skyrmion polarization at 0.0% and 1.0% compression along [001].
Blue double arrows are given as a guide to the eye. (c,d) (010) Plane slice of skyrmion structure at 0.0% and 2.7% strain. (e,f) Local c lattice
constant as a function of position along the interface after compression and evolution of the compressed structure. (gh) Local pressure profiles for
the heterostack after compression and evolution of the compressed structure. (ij) Evolution of polarization and local pressure under 3.0%

compression.

perspective view of the skyrmion texture is provided in Figure
Ic, and a front perspective view highlighting the bubble texture
is shown in Figure 1d. Figure le illustrates the smooth
transition from negative to positive [001] Ti polar displace-
ments in the (001) plane, which results in the formation of
polarization along the [100] and [010] axes. We quantified the
topological character of the skyrmion by computing the
topological charge Q and density q in the (001) plane:

Q= 4%[ //q(x, y)dxdy = 4% //ﬂ~(0xu X 0,u)dxdy
(1)

where u is the normalized dipole moment, and x and y
correspond to the [100] and [010] directions. We found Q =
1, which is consistent with the formation of a skyrmion. The
computation was performed on an interpolated grid using the
method outlined in ref 44 to ensure an integer topological
charge.

After validation of the NN/MM framework to describe the
formation of skyrmion domains in an STO/PTO superlattice,
we examined the dynamics of the domains under compression.
PTO possesses a low-temperature tetragonal structure in the
P4mm space group (see Figure S2a) that is ferroelectric and a
high-temperature paraelectric cubic phase belonging to the
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Figure 3. Polarization dynamics under isotropic compression. (a) Snapshots of polarization structure before and after compression. (b) (001)
Plane perspective view of unit cells colored by [001] Ti polar displacements after compression. (c,d) (001) Plane perspective slice of unit cells
colored by in-plane ([010] and [100]) Ti polar displacements after compression. (e) Snapshots of polarization texture before and after unloading.
(f) A schematic of ideal skyrmionium. (g) Skyrmionium formation visualized by Ti displacement vector on each PTO unit cells.

Pm3m space group (see Figure S2b). In hydrostatic
compression experiments and DFT calculations, multiple
pressure-induced phase changes have been suggested for
PTO, including the aforementioned Pm3m paraelectric
phase, as well as rhombohedral R3C, R3C phases, and
pseudocubic/tetragonal I4/mcm and I4cm phases with the
latter 4 space groups adopting octahedral rotations.””~*’ Here,
we manipulated the P4mm symmetry of the PTO ground-state
structure within the skyrmion superlattice through either
breaking the symmetry via uniaxial compression along the
polarization axis or preserving the symmetry through isotopi-
cally compressing the system. As STO has much higher rigidity
than PTO in terms of its elastic constants (both in our model
and experimentally, see Supporting Information sections SI
and SII), the majority of the compression will occur with the
PTO structure.

We first examined the effect of uniaxial compression. The
heterostack was loaded at a rate of 1.0% per picosecond (ps)
and then relaxed for 12 ps at 10 K. The strain was applied by
uniformly scaling the simulation box. Upon compression, we
saw an increase in the ab polar displacements, which resulted
in an increased skyrmion radius. This is illustrated in Figure
2a,b, which shows an (001) plane top slice of the Ti polar
displacements at 0% and 1.0% compression along the ¢
([001]). At 2% compression, the ab plane polarization of the
top of the skyrmion begins to decline (see Figure S3), and we
find depolarization at the interface that results in the top plane
of the skyrmion being 2 unit cells lower in the PTO layer. In

the depolarized unit cells, we see octahedral rotations, which
further indicates the formation of a high local pressure, as well
as that of a I4/mcm phase. Conversely, the bulk part of PTO
remains unrotated.

The depolarization becomes more prominent as the degree
of applied strain increases. This is highlighted in Figure 2¢,d,
which shows the (010) plane view of the skyrmion texture at
0% and 2.7% compression. We observe a clear “squishing” of
the skyrmion because of depolarization at the interface. This
was further quantified by examining the magnitude of the Ti
polar displacements in the PTO layers as a function of strain,
which is plotted in Figure S2. We saw a steady decline in
polarization due to the ¢ axial compression, with a rapid
increase in the rate near ~2.5% due to depolarization at the
interface. Upon compression of up to 3.0%, we saw
annihilation of the skyrmion.

To understand the interfacial depolarization and skyrmion
annihilation mechanisms, we plotted the average local ¢ axis
lattice constant as a function of position along the interface
direction at 0% strain for reference and at 2.5%, 2.7%, and
3.0% strain just after compression, as shown in Figure 2e. The
same local c lattice constants were plotted after the system was
allowed to evolve and reach a steady state in Figure 2f. As the
elastic constant C;; of STO is nearly 6 times larger than the
elastic constant Cy; of PTO (both experimentally and within
our model; see Supporting Information section SI and SII for
details), the change in the local ¢ lattice constants is much
more compliant to STO, which results in the majority of the
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Figure 4. Strain wave dynamics after isotropic compression. (a) Pressure evolution under isotropic loading of the skyrmion system. Isotropic
loading results in a high-pressure state with a pressure gradient within the PTO layers. This pressure gradient is slowly dissipated after compression,
which results in uniform pressure for the PTO layer and a decline in pressure for the STO layer. (b) During the dissipation process, the local
pressure exhibits wavelike dynamics within the middle of the skyrmion in the (001) plane. These wavelike dynamics ultimately result in a reversal of
the polarization in some domains. (c) Schematic of strain-wave-induced polarization reversal. (d) Local z strain profiles superimposed with

polarization vectors.

compression occurring in the PTO layer. Interestingly, just
after compression by 2.5%, 2.7%, and 3.0%, the local strain
profiles are very similar to a major decline in the strain
gradient, especially within the bulk of the PTO layer. At 2.5%
and 2.7% strain, an appreciable strain gradient can be
maintained to preserve the skyrmion structure, but with
depolarization at the interface where the gradient results in a
nonpolar I4/mcm phase for PTO. At 3.0% compression, the
PTO region loses its tetragonality, which results in a uniform
nonpolar state and the annihilation of the skyrmion structure.

We further understood the depolarization mechanism by
comparing the local pressure after compression and relaxation
for 2.7% and 3.0% compression. In the two systems, the high-
pressure regions developed at the interface in which the 3.0%
compression system showed a slight increase in the interfacial
pressure. While the 2.7% compression system maintained the

interfacial pressure, we observed a rapid release of the
accumulated interfacial pressure and resulting complete
depolarization of PTO upon 3.0% compression, which
indicated the interfacial pressure exceeded a mechanical
threshold. Figure 2i,j provides side-by-side snapshots of the
evolution of the polarization and the local pressure. A video of
the skyrmion annihilation is provided in Supporting Video S3,
and its local pressure is shown in Supporting Video S4.
Interestingly, the dissipation of the local pressure gradient lags
the depolarization front, which indicates this is an inherently
dynamic process where complex interactions between polar-
ization and strain fields play a critical role. Our simulation
showed a dynamic release of large pressure accumulated at the
PTO/STO interface triggering the lattice deformation in the
form of octahedral rotations throughout the entirety of PTO,
subsequently followed by the rapid depolarization of PTO.
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a 200K

Compress 5.3% unload

Figure S. Skyrmionium formation at 200 and 300 K. (a) Snapshots of polarization texture before loading at 200 K. (b) Polarization texture under
compression at 200 K. (c) Polarization map after unloading to form skyrmionium structure at 200 K. (d—f) Similar skyrmionium formation seen at

300 K.

We examined the effect of temperature by repeating the
simulations at 300 K. The results were somewhat similar, but
the critical strain of the annihilation of the skyrmion was
decreased to 2.5%. At compression of up to 2.0%, significant
depolarization was seen at the interface, and at 2.5%, the
skyrmion was annihilated. Videos of the dynamics at 300 K for
2.0% and 2.5% strain are provided in Supporting Videos S5
and S6.

We next examined the dynamics of skyrmions under
isotropic compression, which was expected to preserve the
tetragonality of the PTO layer under pressure. Again, the strain
was applied by uniformly scaling the simulation box. We first
compressed each axis by 2.2% over 2.2 ps (ie, volume
compression of 6.5%) at low temperature to isolate the effects
of compression from thermal noise. After loading, the system
was then relaxed over 15 ps. A video of the dynamics is
provided in Supporting Video S7. A snapshot of the skyrmion
structure before and 15 ps after loading is provided in Figure
3a. Unlike the uniaxial compression that results in the total
depolarization and skyrmion annihilation, the isotropic
compression causes reversal of polarization in some regions
to create a concentric polar pattern out of the original
skyrmion, as illustrated in Figure 3a. Figure 3b provides
snapshots of the domain formation process using Ti displace-
ment in the [001] direction. Immediately after compression,
the overall [001] polarization gradually reduced before a
concentric polarization pattern emerged.

Figure 3c,d demonstrates the substantial loss of the in-plane
polarization under the isotropic compression. In addition, the
simulation showed the formation of antiphased octahedral
rotations throughout the entirety of PTO upon compression,
which indicated formation of a tetragonal I4/mcm phase. This
was quantified by computation of the O—O—O bond angle
distribution with a cutoff of 3 A, which defines the TiOq
octahedra. The global presence of octahedral rotations was
signified by significant splitting of the 120° peak, as illustrated
in Figure S3.

We next examined the dynamics upon unloading, where we
expanded the lattice back to its original lattice constants over
2.2 ps. Upon unloading, the magnitude of [001] polarization
increases, and the [010] and [100] polarizations are restored,

thereby creating multiple domains with in-plane polarization,
including the newly formed concentric pattern shown in Figure
3e. We computed the topological charge density map plotted
in Figure S4. Over the concentric polarization pattern, the
topological charge density goes from negative to positive and
results in a total topological charge of Q = 0, which is known as
skyrmionium and consists of a pair of skyrmions with opposite
topological charge Q = 1 and Q = —1%* that reside in a
concentric manner. The polarization map of the skyrmionium
obtained here (Figure 3g) was found to be remarkably similar
to the X-ray map of isolated magnetic skyrmioniums seen in
NiFe.”

We examined the evolution of the local pressure in the
system to understand the mechanism of the skyrmionium
formation. Upon loading, we see the formation of a high-
pressure gradient within PTO, as illustrated in Figure 4a.
Because of the higher rigidity of STO, the gradient is slowly
dissipated in the compressed structure, which results in
uniform pressure individually within the PTO and STO layers,
with STO being of lower pressure. During dissipation, we
observed the evolution of pressure waves in the center of the
skyrmion structure, as illustrated in Figure 4b. Dissipation of
these waves to a uniform pressure state led to polarization
reversal, thereby indicating an up-conversion of acoustic waves
to optical phonon modes. The polarization response was found
to correlate most strongly with the z component of the stress
tensor. Two snapshots of the polarization profile overlaid with
the local stress are shown in Figure 4d, where in regions of
high z stress, the polarization is reduced in comparison with
lower stress regions. The flipping of the polarization via these
dynamic waves can be understood through the diagram in
Figure 4c. If a region in the lattice is driven to a high z stressed
state by the dynamic strain propagation, the potential energy
for polarization flipping is lowered, which allows individual
unit cells to be driven over the barrier. After the wave
dissipates and the strain becomes uniform, the flipped
polarization of the unit cell will become locked as the original
energy barrier is restored.

We examined the robustness of the skyrmion-to-sky-
rmionium phase transition pathway against strain rate and
thermal noise by thermalizing the skyrmion system at 200 and

https://doi.org/10.1021/acs.jpclett.2c03029
J. Phys. Chem. Lett. 2022, 13, 11335—-11345


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03029/suppl_file/jz2c03029_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03029/suppl_file/jz2c03029_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03029/suppl_file/jz2c03029_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03029/suppl_file/jz2c03029_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03029/suppl_file/jz2c03029_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c03029?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c03029?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c03029?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c03029?fig=fig5&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c03029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

300 K and repeating the isotropic loading and unloading
simulation. At 200 K, a skyrmionium transition was observed
with a compression of 5.3% by total volume (Figure Sa—c),
which is similar to the one observed at 10 K (Figure 3). The
dynamics under 300 K are illustrated in Figure Sd—f. Under a
loading of 4.5%, we again observed the formation of a similar
concentric polarization domain indicative of a skyrmionium
transition, which indicated the existence of the skyrmion-to-
skyrmionium transition at room temperature.

The effect of strain rate was examined with the system at 200
K and a lower strain rate of 0.1%/ps. We found that the
transition threshold was reduced to 4.9%, above which the
original skyrmion transformed into fragments of multiple
nanodomains upon unloading (see Supporting Information
section SV). Whether the skyrmion transforms into a nontrivial
polarization pattern or fragmented nanodomains will likely
depend on the domain size, strain rate, and percentage. From
the well-known Landau—Lifshitz—Kittel scaling laws,”” >
which dictate the domain size should grow proportionally to
the square root of the film thickness, the formation of these
new nanodomains on the creation of a thinner STO/PTO film
is expected. The consistently seen formation of concentric
circular domains can be attributed to the topologically
protected nature of a skyrmion and that the concentric circular
pattern is a minimal switching pathway to forming more
domains within the skyrmion structure.

In conclusion, we have demonstrated the ability to
mechanically manipulate polar skyrmions through compressive
strain. We found a squishing-to-annihilation transition pathway
under uniaxial compression along the ¢ polarization axis and a
skyrmion-to-skyrmionium transition pathway under isotropic
compression. In both strain modes, depolarization occurs when
the applied strain becomes too high to maintain the skyrmion
structure. Under uniaxial compression, the dissipation of strain
gradients results in the total depolarization and formation of a
uniform nonpolar I4/mcm phase in the PTO layers. In
contrast, under isotropic compression, the propagation of
pressure waves through the system activates optical phonon
modes that reverse the polarization inside the skyrmion to
form a skyrmionium topological structure. Rapid depolariza-
tion of the superlattice under uniaxial compression could be of
interest for pulse power generation technologies through the
force—electric effect,>”*' while the increased number of
domain walls formed with a local polarization curl in the
skyrmionium is anticipated to lead to more areas of local
negative permittivity and resulting potential enhancement of
the dielectric constant of the superlattice.” It should be noted
that the high strain rates employed here will be difficult to
achieve in a laboratory setting. Since the effects we found are
dictated by symmetry, we expect them to persist at lower strain
rates, though the required strain requirement will most likely
be decreased.

Our results highlight how mechanically manipulating the
subtle symmetry of strain and polarization boundary
conditions can dynamically invoke different phase changes
within these next generation ferroelectric materials and further
demonstrate the ability of topological defects formed in
ferromagnetic materials to be realizable in ferroelectric
materials." ' While, in principle, a well-developed traditional
classical force field could potentially investigate the dynamics
performed here, we did not find one in the literature that could
be easily adapted for this study. Because of the complex orbital
hybridization that gives rise to ferroelectricity’”>" in PbTiO;, it

is very difficult to develop a traditional classical force field that
well describes both polarization dynamics and mechanical
properties. Since we had already developed a neural network
force field for PbTiO;,"> we decided to adapt it for this study
rather than try to improve existing classical force fields.
Combined with previous studies of light”'*' and electric
field””"® manipulation, the NN/MM simulations performed
here provide a promising outlook for broad optical—
mechanical—electrical control of polar topologies within the
emerging field of ferroelectric “topotronics.”""

B METHODS

QMD Training Data Generation. Ground truth data was
generated using density functional theory’> (DFT)-based
QMD simulations using the Vienna Ab inito Software Package
(VASP).>*** Electronic states were calculated within the
projected augmented wavevector method,*>*® and the Pb
6526p°, Ti 3s*3p°3d*4s?, and O 2s*2p° electronic states were
treated explicitly. The training data was generated in the
canonical (NVT) ensemble at a temperature of 300 K in
PTO’s ferroelectric tetragonal structure with multiple densities,
tetragonalities, and sheared configurations, as well as at 1200 K
(well above the Curie temperature of ~770 K°’) to fully
explore the potential energy surface. A full description of the
training process is provided in Supporting Information section
SI. QMD data was generated within the framework of with the
meta generalized gradient apgroximation (GGA) exchange
correlation functional, SCAN.>® SCAN was chosen because it
gave good values for the elastic constants without suffering
from the problems of supertetragonality seen in GGA-type
exchange functionals (see Supporting Information section SI
for details).”” All training data was generated with 4 X 4 X 4
unit cell PTO structures using gamma point sampling of the
Brillouin zone. A complete description of the training data
generation is described in Supporting Information section SI.
NNQMD Model Development. NNQMD uses a feed-forward
neural network architecture consisting of an input layer,
multiple hidden layers, and an output layer. Nodes are
connected with adjustable weights that are fit to the ground
truth QMD training data. The atomic environment is
featurized using rotationally, translationally, permutationally,
invariant symmetry functions*”*" with a finite cutoff. Atomic
forces are then computed by taking the derivative of the
network and symmetry functions with respect to the atomic
coordinate. The NNQMD model was trained by included
energy, forces, and the stress tensor in the loss function with an
adaptive weighting scheme (see Supporting Information
section SI for details). After training, the NNQMD model
was evaluated in terms of the predicted radial distribution
functions, lattice constants, elastic modulus tensor, and bulk
modulus. Comparison between the NNQMD and DFT-SCAN
radial distribution functions are shown in Figure S1, for which
there is excellent agreement. A table comparing the NNQMD
computed lattice and elastic constants with the DFT and
experiment results are provided in Table S1, which again show
good agreement. Full details on model generation, training,
and validation are provided in Supporting Information
materials section SI. We have uploaded the training data files
and neural network parameter binary files to the following Web
site: https://zenodo.org/record/7293180. The neural network
files can be read by the open source AENET software,’’ which
has been implemented into our molecular dynamics code
named RXMD.*’

https://doi.org/10.1021/acs.jpclett.2c03029
J. Phys. Chem. Lett. 2022, 13, 11335—-11345


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03029/suppl_file/jz2c03029_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03029/suppl_file/jz2c03029_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03029/suppl_file/jz2c03029_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03029/suppl_file/jz2c03029_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03029/suppl_file/jz2c03029_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03029/suppl_file/jz2c03029_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03029/suppl_file/jz2c03029_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c03029/suppl_file/jz2c03029_si_002.pdf
https://zenodo.org/record/7293180
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c03029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Local Pressure/Stress Computation. The local stress was
computed through the elastic approximation using the model
elastic modulus tensor Cyy; and computation of local strain €y
from the local lattice constants and angles for each unit cell.

0; = Cyyey
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