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1 | INTRODUCTION
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Abstract

Antiferroelectric (AFE) materials have received great attention because of their
potential applications in the energy sector. Nevertheless, the properties of AFE
materials have not been explored for a long time, especially the atomic-scale un-
derstanding of AFE domain walls. Here, using first-principles-based machine
learning potentials, we identify the atomic structures, energies, and dynamic
properties of the domain walls for AFE lead zirconate. It is found that the domain
wall can reduce the critical antiferroelectric-ferroelectric transition field. During
the electric field-driven polarization switching process, the domain wall is
immobile. Importantly, we observe that a distinct domain structure spontaneously
forms in bulk lead zirconate upon annealing at 300 K. The domain structure ex-
hibits an alternating array of clockwise—anticlockwise vortexes along radial with
continuous polarization rotation. This anomalous AFE vortex is derived from the
energy degeneracy in four possible orientations of the polarization order, which
can enhance the dielectric response in the terahertz. The current results give an
implication for the emergence of AFE vortex in AFE materials as well as ferro-
electric materials.
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motion driven by an external field is critical for polarization

On cooling from paraelectric phases, their ferroelectric (FE)
or antiferroelectric (AFE) phases in single crystals can
spontaneously form domain structures with different orien-
tations of electric dipoles to minimize the depolarization field
energy or elastic energy.!'*! Domain walls are the boundaries
between two adjacent domains that influence the dielectric,
ferroelectric, piezoelectric, photovoltaic, and electronic
properties of ferric materials. Particularly, domain wall
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switching, which is characterized by the polarization—electric
field (P-E) hysteresis loop of FE and AFE materials.!”)
Moreover, the pinning effect of the domain wall from the
ionic defects and trapped charges could result in electrical
fatigue, which is a major problem hindering the practical
applications of FE and AFE. Therefore, an in-depth under-
standing of the atomistic characteristics of domain walls is
crucial for harnessing their distinct properties and enhancing
the reliability of FE or AFE electronic devices.!*”]
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In the last decades, the statics and dynamics of FE
domain walls have been extensively studied by experiments
and theories.”®! However, atomic-scale understanding of
AFE domains and domain walls is rarely reported because
their practical benefits are less accessible than those in
FEs."”) In lead zirconate (PbZrOs;, PZO), a representative
AFE material, the orthorhombic AFE phase results in 60°,
90°, 120°, and 180° AFE domain walls.l'% High-resolution
transmission electron microscope images demonstrate that
the electric dipoles in 180° domain walls are parallel, mak-
ing the walls polar.!"") Compared with 180° domain walls,
90° domain walls are more common in ferroic materials.
Most recent experimental and theoretical studies of 90°
domain walls have focused on ferroelectric and ferroelastic
materials..') However, a systematic study of the exact
atomic structure details of AFE 90° domain walls is still
missing.

Here, we use a machine learning interatomic potential to
computationally model the statics and dynamics of PZO and
its 90° domain walls, studying their behaviors under an
electric field. We identify two types of stable 90° domain
wall structures. The domain wall can reduce the critical
AFE-FE transition field compared to a single domain. The
AFE domain wall is immobile during the electric field-
driven polarization switching process, different from
domain wall motion in FE. It is also discovered that an AFE
vortex structure, which forms spontaneously and exists sta-
bly, enhances the dielectric response in both the static and
THz frequency ranges. This study provides a deeper un-
derstanding of the AFE domain wall and its dynamics at the
atomic level, offering opportunities for applications in high-
frequency electronic devices.

2 | METHODS

In recent study, we have developed the Deep Potential (DP)
model for PbZr; _ ,Ti,O; (PZT) by a machine learning
method.!"*! It can well reproduce the energy with density
functional theory (DFT) level accuracy of PZT in different
components. Therefore, the DP model can effectively cap-
ture the PZO potential energy surface. For more details on
the DFT parameters of the dataset, training parameters, and
accuracy test of the DP model, please refer to the Methods
section of our recent study.!'*') For the domain wall
structure, due to at least hundreds of atoms are required,
which is beyond the capabilities of DFT, there is no domain
wall configuration in the training datasets. Nevertheless, the
machine learning model can still describe the domain wall
structure because the numerous kinds of local atom config-
urations are explored in training datasets. The distance be-
tween domain walls is set to 10 u.c. (~40 A). Such a long
distance is sufficient to prevent coupling between domain
walls and to allow the intermediate atoms to converge to the
single-domain structure. Based on the DP model and struc-
tures of PZO, which contain 40,000 atoms, we conduct
molecular dynamics (MD) simulation by using the

LAMMPS code with periodic boundary conditions.!'® The
temperature range is set from 200 K to 500 K. The simu-
lation environment is set as a triclinic box, allowing for full
variation of lattice constants and lattice angles. The time step
is set to 0.001 ps, and the equilibrium run is 40 ps. Applying
an electric field to the system is achieved by applying an
external force to the atoms as an equivalent method. The
forces acting on different atoms are determined by multi-
plying the electric field by the reference Born effective
charge. In this study, because of the slight structure distor-
tion of different phases of perovskite, we use the Born
effective charge of the cubic structure in all the simulations,
whose effective charge tensors are isotropic and diagonal'”":
Zy, = 390, Z; = 5.85, Zj = —3.25. The polarization
magnitude is calculated by the displacement of all the Pb and
Zr atoms relative to their respective oxygen octahedral
centers and the corresponding Born effective charges:
P=> (Z;‘,b X dpy + 2. % er)/V, where d represents
displacement and V' the volume of the system. The static

dielectric constant is calculated by € = ¥ [(P?) — (P)?] +

1, where g = 1/kgT.1'®! (P?) — (P)? is calculated from the
polarization values output every 10 steps during an MD
simulation of 1,000,000 steps after reaching thermodynamic
equilibrium. The frequency-dependent dielectric constant is
calculated by €(v) = 4my(v) + 1, where v is frequency and
7 is the complex electric susceptibility.!'”) y can be obtained
using the following equation: y,(v) = =57 [(Pu(t)Ps(1)) +
i2zv [;° dite™ (P, (1)P3(0))], where a and # define Carte-
sian components, ¢ is the dielectric constant in vacuum, and
P(t) is the electric dipole moment of the system at time .

3 | RESULTS AND DISCUSSIONS

We start with the crystal structure of bulk PZO. At high
temperatures, PZO exhibits a paraelectric cubic phase. It
experiences a phase transition from the paraelectric phase to
the ground state of the AFE orthorhombic phase (Pbam)
below ~500 K in the experiment. The AFE phase possesses
the alternating positive and negative polarization arrange-
ment along [110], which is primarily contributed by the
displacement of the Pb atoms. Nevertheless, it is found that
another AFE Pnam phase has lower energy than that of the
Pbam phase. Unlike the Pbam AFE phase, in the Pnam
phase, the Pb atoms exhibit a local displacement component
along the [001] direction, alternating between positive, zero,
and negative displacements as shown in the inset of Figure 1.
The Pnam phase has an additional staggered oxygen octa-
hedron rotation around the [001] axis. Thus, the periodicity
of four layers along the [001] direction in the structure re-
sults in the 80-atom primitive cell of the Prnam phase. Our
calculations show that the energy of the Pnam phase is
0.28 meV/atom lower than that of the Pbam phase. The
calculated energy landscape from the Pnam to the Pbam
phase illustrates that the Pbam phase is located at the
maximum of the energy landscape, demonstrating the
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FIGURE 1 The energy landscape as a function of switching pathway from Pbam to Pnam structure.

unstable structure of the Pbam phase. This result agrees well
with the imaginary frequency of the Pbam phase in the
recent phonon spectrum calculation.!>"!

Next, we investigate the polarization dynamics of PZO.
We calculate the polarization response of PZO to the
external electric field along [111] at finite temperatures.
According to the phase diagram of PZO in our recent study,
the DP-predicted AFE-PE transition temperature is
460 K, slightly underestimated compared to the experi-
mental value. Therefore, at 500 K, the MD-calculated P-E
loop exhibits a paraelectric linear relationship (Figure 2a).
When cooling down to 450 K, PZO begins to exhibit the
typical double hysteresis P-E loop in Figure 2a. As the
temperature further decreases to 425 K, the double hyster-
esis loop expands, indicating the higher energy cost during
the AFE-FE phase transition. To clarify polarization
switching dynamics from the atomic scale, we present the
snapshots of the dipole configurations in the (001) plane at
several stages on the hysteresis P-E loop at 425 K (see
Figure 2b—g). As the electric field is applied, the energies of
dipoles with 1 and | polarization are not equal. At
E = 110 kV/em, AFE order 11]] is destroyed, becoming
the 1111l order. When FE increases to 130 kV/cm, the PZO
becomes the FE R3¢ phase. Upon the removal of the electric
field, the dipole configuration recovers to the AFE order
with zero polarization. It should be noted that the FE R3c
phase is metastable, which means that it can be stable at low
temperatures. Our MD simulation also shows that the R3¢
phase cannot recover to the AFE order, maintaining a large
polarization below 200 K.

The above results illustrate that the critical electric field
of the AFE-FE phase transition is related to the thermody-
namic stability of the AFE phase. Therefore, we investigate
the relationship between the critical electric field and tem-
perature. The P-E curves from 200 K to 450 K are calculated
by MD simulations (see Figure 3a). The polarization jumps
as the electric field increases to the critical value, indicating
that the AFE-FE phase transition occurs. The critical electric
field decreases as the temperature increases. For instance, the
critical electric field is 840 kV/cm at 200 K, whereas it de-
creases by one order of magnitude at 450 K. We plot the
critical electric field versus temperature in Figure 3b, and it
exhibits a linear relationship. The simulated critical electric
field results are overestimated compared to experimental
values.*') We attribute this discrepancy to the multidomain
and polycrystalline nature of experimental samples, whereas
our result is based on single-domain systems.

Domain walls play a crucial role in the FE switching
dynamics and have been extensively studied.®****! How-
ever, the understanding of AFE domain wall properties at the
atomic level remains limited. Here, we focus on the 90°
domain wall structure in AFE-PZO. Three geometrically
possible configurations are constructed according to the
arrangement of dipoles at domain walls: head-to-head (HH),
head-to-tail (HT), and alternate types, as shown in
Figure 4a—c. The DP model for the structural relaxation leads
to the optimized supercells with various domain walls. It is
found that HH is unstable, which converts to HT through
shifting the domain wall by one unit cell. HT and alternate
domain walls are stable after structural relaxation. The
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FIGURE 2

(a) Polarization hysteresis loop of PZO at 425 K, 450 K, and 500 K. The initial polarization orientation is along [110], and the electric field

orientation is along [111]. Polarization magnitude is projected to [111]. (b)—(g) Snapshots of dipole configurations under different electric fields in the

polarization hysteresis loop at 425 K.
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(a) Polarization—electric field curve of PZO at different temperatures. (b) The electric field-temperature phase diagram of PZO. The solid

line represents the DP-predicted results, and the dashed line represents the experimental results.

domain wall energies of HT and alternate types are 47.52 mJ/
m? and 43.22 mJ/m?, respectively, indicating that the alter-
nate type is the most stable. The atom structures of the stable
HT and alternate types of 90° domain wall are shown in
Figure 4d—g. The alternate-type domain wall is transformed
from a line to an armchair shape, in which the HH
arrangement disappears, leaving only head-to-tail and tail-to-
tail arrangements. It is worth noting that Pb atom displace-
ments along [001] are staggered on either side of the domain
wall.

The domain wall dynamics under an electric field are
crucial for understanding the polarization switching of AFE.
We next study the dynamics of these two types of 180°
domain wall structures under an electric field at room tem-
perature. It is found that the existence of a domain wall can
reduce the critical electric field, and the AFE domain wall is
pinned under an electric field, unlike the FE domain wall. As

shown in Figure 5a,b, the AFE-FE phase transition of a single
domain is regular and the critical electric field is 500 kV/cm,
whereas PZO with domain walls can reduce the critical
electric field to 400 kV/cm. When a 400 kV/cm electric field
is applied, the AFE domains collinear with the electric field
direction first transform into FE domains, and then the
remaining dipoles directly reorient toward the field direction.
This demonstrates that the switching dynamics of AFE
multidomain structures under an electric field differ from
those of FE multidomain, which is mediated by domain wall
motion. It is also worth noting that the behavior of the 180°
domain wall is different from that of the 90° one. Dipole
orders TTI11, 1LY, and 11011111 are 180° domain
walls.[2%?*?% They can form and dissipate in the field-driven
AFE-FE phase transition process (see Figures 2 and 5).
PZO with an unstable domain wall can transform into
an unconventional domain structure under thermal
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FIGURE 5 The dipole configuration evolution of PZO under an electric field of (a) and (b) single domain, (c) 90° alternate domain wall, and (d) 90°

head-to-tail domain wall at 300 K, respectively.
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fluctuation. The structure with the HH domain wall can
form an AFE vortex structure spontancously and remain
stable under thermal fluctuations when it anneals at 300 K
(see Figure 6). Such a vortex is composed of four single
domains, divided by alternate and HT domain walls in a
cross shape. The dipole orientations of the four domains
follow clockwise and counterclockwise interlocked con-
figurations. We predict that in the experiment, annealing
from the unstable paraelectric phase at the high tempera-
ture (higher than the antiferroelectric-paraelectric transition
temperature) can lead to a multidomain structure. It could
possibly form the domain wall crossing, inducing the AFE
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> ,‘/ (' & OF ¥ " l'

“ ¢. (’ I'4 &' O' ¢ ¥

vortex, which can be observed by TEM and SEM in the
experiment.

This AFE vortex exhibits dielectric properties distinct
from those of the single domain. We calculate the static
relative dielectric constant of the single domain, domain wall
in the alternate type, and vortex structure for comparison. As
shown in Table 1, the vortex structure can significantly
enhance the dielectric response in all three directions, with
the largest enhancement observed in the z direction. The
frequency-dependent dielectric constant is also calculated
(see Figure 7). In the THz frequency range of the electric
field, the real part of the dielectric constant of the vortex

FIGURE 6 A special vortex dipole configuration of PZO, composed of four single domains. The dipoles are alternately arranged in clockwise and

counterclockwise rotations.

TABLE 1

Domain structure X component

Static relative dielectric constant € of different domain structures of PZO.

y component z component

Single domain 125.93 124.12 234.76
Domain wall 152.82 147.64 306.97
Vortex 202.87 222.56 370.15
400 (a) o0 (d) 400
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FIGURE 7 The frequency-dependent relative dielectric constant in the z direction of PZO with different domain structures—single domain (SD),
domain wall (DW), and vortex. (a)—(c) show the real part and (d)—(f) show the imaginary part. (g) The dielectric constant in the THz frequency range. It
shows the differences between domain wall, vortex structure, and single domain, respectively. The yellow arrows indicate a decrease in the dielectric
constant, whereas the black arrows indicate an increase, compared to the single domain structure.
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structure displays a trend of first decreasing and then
increasing. The imaginary part exhibits the opposite trend.
Around 1.4 THz, the real part of the dielectric constant of the
vortex structure is greater than that of the single domain,
whereas the imaginary part is smaller than that of the single
domain. This indicates a stronger polarization response
capability and lower energy dissipation.

4 | CONCLUSION

In summary, by applying machine learning interatomic
potential-assisted MD simulations, we discuss the polari-
zation switching dynamics of PZO at different tempera-
tures and the variation in the critical electric field. We
investigate the static properties of the 90° domain wall in
AFE-PZO and identify two types of stable domain wall
structures, with the alternate type being the most energy
favorable domain wall type. It is found that the 90° domain
wall in PZO is pinned under an electric field, with the
dipoles in each domain reorienting individually. This con-
trasts with the polarization switching in FEs, which is
driven by domain wall motion. We also discover a spon-
taneously formed and stably existing AFE vortex structure
at room temperature, which can enhance the dielectric
response and decrease the dielectric loss under a THz
electric field. This study provides deep insights into AFE
switching dynamics and offers potential for the application
of AFE in high-frequency electronic devices.
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