PHYSICAL REVIEW LETTERS 133, 066802 (2024)

Antiskyrmions in Ferroelectric Barium Titanate
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Typical magnetic skyrmion is a string of inverted magnetization within a ferromagnet, protected by a
sleeve of a vortexlike spin texture, such that its cross-section carries an integer topological charge. Some
magnets form antiskyrmions, the antiparticle strings which carry an opposite topological charge. Here we
demonstrate that topologically equivalent but purely electric antiskyrmion can exist in a ferroelectric material
as well. In particular, our computer experiments reveal that the archetype ferroelectric, barium titanate, can
host antiskyrmions at zero field. The polarization pattern around their cores reminds ring windings of
decorative knots rather than the typical magnetic antiskyrmion texture. We show that the antiskyrmion of
barium titanate has just 2-3 nm in diameter, a hexagonal cross section, and an exotic topological charge with
doubled magnitude and opposite sign when compared to the standard skyrmion string.
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Discovery of topologically stable nanoscale swirling
defects of magnetization textures in chiral ferromagnets
[1,2], termed as magnetic skyrmions, has opened amazing
perspectives for information storage technology [3] as well
as a vast arena for studies of intriguing new physics
phenomena [4,5] like the topological Hall effect [6] and
the skyrmion Hall effect [7-9]. It is now well understood
that skyrmions and similar topological defects can be
stabilized in many other, sometimes even achiral or
centrosymmetric, magnets and antiferromagnets [10-15].

Geometrically analogous nanoscale swirling defects of
electric polarization textures have been also observed in
nonmagnetic ferroelectric materials [16]. They have been
attracting attention due to their truly nanoscale size [16—18]
and intriguing properties such as negative capacitance [19]
or emergent chirality [20-23]. Experimental evidence of
“electric” skyrmions (see Supplemental Material, note 1
[24]) in nanostructures consisting of nanoscale layers of
ferroelectric PbTiO3; combined with paraelectric layers of
StTiO; [16] pointed towards the basic role of the interface
effects. These observations raised a question whether
such electric skyrmions can be stable in the bulk of the
ferroelectric material itself.

Natural candidate materials are those in which the
electric polarization is expected to rotate gradually within
the thickness of their domain walls. Figure 1(a) shows a
plausible geometry of a columnar nanodomain in bulk
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PbTiO;. The nanodomain, defined by the polarization
parallel to z direction, is surrounded by a matrix of the
opposite polarization. Computational study of Ref. [17]
suggests that in PbTiOs, an in-plane polarization develops
at the domain wall, forming a closed loop. The resulting
polarization arrangement corresponds to a stable Bloch-like
skyrmion. Our original motivation was to verify whether a
similar nanodomain can persist in the rhombohedral phase
of BaTiO;. The antiskyrmion reported here is such a stable
nanodomain, but the geometry and topological charge of its
polarization pattern is different from that of PbTiO5. The
peculiarity of this BaTiO; nanodomain consists in its
antiskyrmion nature.

Topological and crystallographic considerations—Both
magnetic and electric skyrmions are string-like defects in a
vector order parameter field. The nontrivial topology of the
skyrmion is characterized by a nonzero skyrmion number
Ny given as an integral [18,25,26] of the topological
density g(x,y) = (1/4x)u.(oxu x dyu) over the xy plane
perpendicular to the skyrmion string, where u is a unit
vector field defining the direction of the order parameter.
Topological charge with an invariant sign can be defined as
0 = u,(0).Ng, where u,(0) is the z component of the field
direction vector in the core of the defect. This quantity Q is
positive for skyrmions and negative for antiskyrmions (see
Supplemental Material, note 2 [24]). In case of electric
skyrmions the vector field u is obtained from the local
electric dipole of each unit cell and the discrete sum is used
instead of the integral [17,18]. In particular, the PbTiO;
skyrmion shown in Fig. 1(a) yields its invariant topological
charge of +1, common to Néel magnetic skyrmions in
GaV,Sg [27] or Bloch magnetic skyrmions in MnSi [1,4].
Here we report a stable nanodomain, carrying a topological
charge of QO = —2.
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FIG. 1. Ultrasmall domains of antiparallel polarization in
PbTiO; and BaTiO;5. (a) Typical nanodomain configuration in
tetragonal PbTiOj; as identified previously [17]. The polarization of
the domain (orange) is parallel to the ferroelectric z axis, the outside
(turquoise) has the opposite polarization. Black arrows in the wall
region (white) represent the inner domain wall polarization,
forming a loop. (b) The anticipated shape of a nanodomain within
a rhombohedral BaTiO; with the ferroelectric axis z'[|[111].
Domain walls are {110}* crystallographic planes, one of them
is perpendicular to the x axis. (c) Similar but with {211}* walls
(one of them perpendicular to y" axis). Bottom left, respective
orientation of the parent cubic perovskite cell with the lattice
vectors a., b, and c.; bottom right, the same structure redrawn in
the hexagonal cell of thombohedral BaTiO; [a;, = (0,1, 1) and
b, = (1,0, 1) at 120°]. Blue spheres stand for the Pb or Ba atoms,
the green are the Ti atoms, red are the O atoms.

Plausible overall geometry of antiparallel nanodomains
is sketched in Fig. 1. It follows from electrostatic consid-
erations that domain boundaries should be parallel to the
spontaneous ferroelectric polarization. The cross section of
the nanodomain should agree with the macroscopic crystal
symmetry of the ferroelectric domain itself and in case of
strongly anisotropic domain wall energy it would be a
polygon aligned with the crystallographic axes.

Let (x,y,z) be the Cartesian system for PbTiO; and
(x,y', 7') refers to BaTiOs. Crystallographic directions and
planes are described with Miller indices 4, k, [ of the parent
cubic structure. For the tetragonal ferroelectric PbTiO;,
x||[100] and the unique ferroelectric axis is z||[001], while
in the rhombohedral phase of BaTiOs, x'||[011], and the
unique ferroelectric axis is set as z’||[111]. The brackets
with an asterisk superscript ({}*) are used to denote the
subset of planes equivalent within the symmetry of the
given ferroelectric domain state (say, that of the core). For
example, the {100}* set for PbTiO; domain with polari-
zation along z contains only (100) and (010) planes. These
low-index planes are those of PbTiO3; domain walls shown
in Fig. 1(a). Similarly, the stable nanodomains in BaTiO;
should be delimited either by the set of {110}* facets or by
the set of {21 1}* facets. Both sets contain planes parallel to
the ferroelectric axis z’. Using the convention of Ref. [28],
we can state that PbTiO3 skyrmions are delimited by the
neutral T180{100} walls (the {100}*-oriented walls in
Tetragonal phase corresponding to 180° rotation of the
polarization), while the stable nanodomains in thombohe-
dral BaTiO; are expected to be delimited by -either
R180{110} domain walls [as in Fig. 1(b)] or by the
R180{21 1} walls [as in Fig. 1(c)].

A necessary requirement for nonzero Q is a noncoplanar
order parameter texture. The noncoplanarity of the polari-
zation profile of the PbTiO; nanodomain in Fig. 1(a) is
related to the anticipated noncollinear structure of its
T180{100} domain walls [29]. In BaTiO;, T180{100}
domain walls are almost collinear but R180{110} and
R180{21 1} ones have a noncollinear character [28,30-32].
Thus, rhombohedral BaTiO; also promises nontrivial topo-
logical defects.

Computer experiment—Since the properties of antipar-
allel domain walls of rhombohedral BaTiOj; are sensitive to
the parametrization of the Ginzburg-Landau potential
[31,32], we have employed here an ab initio-based atom-
istic shell model potential optimized for BaTiO5; molecular
dynamics simulations [33,34]. This model has been suc-
cessfully applied to reproduce various experimental data,
including anomalous thermal diffuse scattering patterns
[35] or short-range correlations in amorphous BaTiO5 [36].
Each atom is represented by core and shell, with its own
position and charge. The potential energy includes pairwise
short-range interactions as well as electrostatic Coulomb
interactions (see Supplemental Material, note 3 [24]). Unless
stated differently, we have used supercells made of 12 x
12 x 4 hexagonal unit cells (i.e., 8640 independent atoms)
with periodic boundary conditions. Stable topological
defects in the ferroelectric ground state were searched for
through relaxing various initial configurations using standard
atomistic optimization methods and classical molecular
dynamics simulations at the temperature of 1 K (see
Refs. [37,38] and Supplemental Material, note 4 [24]).

In order to avoid any bias towards the nonzero topo-
logical charge, our initial configurations were collinear
ones. Within a homogeneously polarized supercell with
P, < 0 columnar region of hexagonal cross section, as in
Fig. 1(b), was inverted. The inner diameter D of the
hexagonal area of positive P is given by D ~ N.d, where
d is the nominal spacing of the (110) Ti planes in the parent
cubic phase, and N is the dimensionless diameter of the
hexagon.

Resulting polarization texture—The relaxed structure,
obtained from the initially topologically trivial (Q = 0)
bubble nanodomain with N = 11 and D ~ 3 nm, is shown
in Fig. 2(a). While the 3m symmetry and the overall
columnar shape persisted and the P, components did
not change much, considerable in-plane polarization com-
ponents developed spontaneously around the circumfer-
ence of the nanodomain. Let us stress that the magnitude of
the in-plane polarization is comparable to the value of the
single-domain spontaneous polarization (see the labeling in
Fig. 2(a) and Supplemental Material, note 5 [24]).

We note that also the radial and tangential gradients of
the polarization are comparable so that the anticipated
domain wall picture [Figs. 1(b) and 1(c)] does not apply:
the width and the length of the individual wall segments are
about the same. Instead, the texture forms a condensate of
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FIG. 2. A relaxed antiskyrmion nanodomain in BaTiOs;.
(a) Section through the N = 11 antiskyrmion obtained by
relaxation of a topologically trivial bubble nanodomain with
the hexagonal section of Fig. 1(b). Local polarization calculated
for each Ti site is projected along the 7’ axis. Non-negligible in-
plane polarization components are marked by arrows, out of
plane components are indicated by color. (b) Sketch of the
pattern. The orange and turquoise arrows represent the nano-
domain and the matrix. Curved arrows indicate the six vortices of
in-plane polarization. (c) Topological charge density distribution
q(x’,y")dS superposed with the in-plane polarization. Values of
q(x’,y")dS are calculated for each individual triangular plaquette
within the hexagonal sublattice of the projected Ti positions.
(d) Transversal polarization components Py, P along the green
dashed line of panel (b) with indicated skyrmion size D. Note that
the dominant, large negative-Q contributions are located in the
edges of the hexagon, that is, at the cores of the in-plane
polarization vortices (shown by the green color).

six different vortices, with alternatively clockwise and
anticlockwise rotation, each centered at one of the edges
of the P, > 0 hexagon. Figure 2(b) shows the simplified
sketch of the polarization arrangement.

Figure 2(c) shows the corresponding topological
density, with six marked local minima in the vortex centers
and six minor maxima near the vertices of the hexagon.
Contributions of the elementary triangular plaquettes in the
hexagonal lattice of the projected Ti positions correspond
to the oriented solid angles subtended by the three dipoles
in the corners of these plaquettes. None of the dipoles is
zero and none of the plaquettes yields the corresponding
solid angle critically close to the borderline value of 2z.
Therefore, summing up all these individual contributions,
the total topological charge of Q = —2 was obtained
without any ambiguity.

Stability of the electric antiskyrmion—The relaxed con-
figuration shown in Fig. 2 corresponds to the local energy
minimum—its stability with respect to infinitesimal per-
turbations has been confirmed by checking the sign of all
eigenvalues of the dynamical matrix corresponding to the

internal lattice degrees of freedom of the supercell
(see Supplemental Material, note 6 [24]). We have also
tested the stability with respect to the finite thermal
fluctuations and confirmed that the molecular dynamics
temperature can be safely risen to at least 20 K and
the topological charge of —2 is still preserved (see
Supplemental Material, note 7 [24]). To further appreciate
the robustness of the antiskyrmion configuration, we have
also attempted to erase the nanodomain by a strong
electric field aligned along the 7' axis. It turned out that
at 1 K the nanodomain is stable in a very broad range of
—850 kV/cm < E', < 1000 kV/cm. In this range, the
topological charge is always equal to —2. Since the critical
fields are only 4-5 times less than the ideal coercive field
limit for the homogeneous switching of the single domain
state (E, = 4600 kV/cm), we conclude that this electric
antiskyrmion is a remarkably resistant object.

Uniqueness of the antiskyrmion geometry—We have
attempted to vary the size of the initial topologically trivial
nanodomains (see Fig. 3). The smallest resulting stable
antiskyrmion had N = 9 [see Fig. 3(b)]. For smaller initial
diameters, the texture decays to the single domain state
[see Fig. 3(a)]. For larger initial diameters, we could see
modifications of the in-plane polarization pattern at the
periphery of the antiskyrmion, induced by the interaction
with its translational images generated by the periodic
boundary conditions. This can lead to the 3 m > 3 point
group symmetry lowering (see Supplemental Material, note
8 [24]). These effects vanish when the periodic boundary box
and therefore the antiskyrmion distances are large enough.
Other initial geometries are shown in Fig. 4. For example, the
initial domain with R180{ 110} walls evolve to the same state
as that starting with R180{21 1} walls [Figs. 2(a) and 4(a)].
On the other hand, the configuration similar to Fig. 2(a)
but with inverted in-plane polarization is not stable [see
Figs. 4(d)—4(f), note that flipping y’ fo —y’ is not a symmetry
operation of the parent phase]. Summarizing, there is only
one type of stable columnar nanodomain solution for a given
monodomain background.

Mechanism—It is worth noting that magnetic antiskyr-
mionic defects with Q < 0 are known [39], and they can even
be derived from the canonical Bogdanov-Yablonskii phe-
nomenological theory [40,41]. Nevertheless, the parent
paraelectric phase of BaTiO; is centrosymmetric, so the
formal ferroelectric analogue [42] of the bulk Dzialoshinskii-
Moriya interaction is forbidden. Therefore, the Bogdanov-
Yablonskii theory [40] does not explain the existence of the
antiskyrmions investigated in this work, and we can also
exclude the interfacial Dzialoshinskii-Moriya mechanism
[43] since there is no interface in our simulations. Likewise,
the Bloch wall scenario of bulk skyrmions in PbTiO5; does
not apply here, because the BaTiO; antiskyrmion is not
composed of Bloch walls—e.g., the P,/(x’) path in Fig. 2(d)
is that of the so-called bichiral wall [44-46].

So why the BaTiO; nanodomains have Q = —2 in
instead of Q =1 as in PbTiO3? The stability of the
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FIG. 3.

Formation of antiskyrmions with different sizes. Left panels (a),(c),(e) show the initial nanodomain with a topologically trivial

colinear polarization configuration. From top to bottom, the size parameteris N = 7, N = 9, and N = 13. Right panels (b),(d),(f) show
the respective relaxed configuration after 40 ps of MD relaxation at 7 = 1 K. For N = 13, a larger periodic box with 16 x 16 x 4

hexagonal unit cells is used.

antiskyrmion configurations in BaTiO; is favored by
a combination of a moderate anisotropy of the anharmo-
nicity of the parent phase electric susceptibility with a
pronounced anisotropy of the polarization correlations.
These two aspects, manifested in peculiar diffuse scattering
patterns [35] and highly anisotropic soft phonon dispersion
relations [47], imply that (i) the local polarizations are close
to one the 8 possible (111) directions, and (ii) polarization
directions of the nearest neighbor sites, projected along the
common Ti—O—Ti bond, are strongly correlated (8-site
model) [35,48,49]. Another consequence is that the R180
domain walls have an order of magnitude higher energies
than the R71 domain walls [28,30].

In this context, it is instructive to idealize the stable
antiskyrmion structure by tilting each local polarization to
its nearest (111)-type direction. Then, one can see all R180

walls are split in three R71 domain walls (see Supplemental
Material, note 9 [24]): the P, > 0 hexagon is formed by
mechanically compatible R71{011}*-walls, the other R71-
walls form the outline of the vortices, and the central radial
sections through the vortices are formed by R109{211}*-
walls (see Supplemental Material, note 9 [24]). Note that
strictly parallel layout of these three distinct R71 domain
walls would be prohibitive due to the strong depolarization
field, while the sequence of flux closure vortices arranged
on a curved cylindrical surface allows to circumvent the
electrostatic problem.

Summarizing, the formation of the antiskyrmion repre-
sents a decay of a curved R180 domain wall into ener-
getically more favorable R71 domain wall triplets. The key
ingredient favoring R71 against R180 walls is the Gyy;; —
Gy122 > Gy, anisotropy of the correlation energy [28]
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FIG. 4. Decay of alternative initial configurations. Top panels show the initial configurations, middle panels show structures after
0.1 ps of MD evolution and bottom panels show the close to final equilibrium configurations registered after 10 ps of MD evolution.
Panels (a),(b),(c)—configuration with R180{211} domain walls transforms to that with R180{011} domain walls. Panels (d),(e),(f)—
configuration similar to Fig. 2(a) but with inverted in-plane polarization decays into the single domain. Panels (g),(h),(i) and (j),(k),(1)
show evolutions from configurations with R180{211} and R180{011} domain walls, respectively.

GijdP;/dx;dPy /dx; which is typical for BaTiO; and
KNbO; but absent in PbTiOj5. To validate this mechanism,
we have applied the same computational methodology to
PbTiO; and KNbO; as well. Indeed, in PbTiO; the Bloch
skyrmion forms, while in KNbO;, the Q = —2 antiskyr-
mion is found (see Supplemental Material, note 10 [24]).

Final remarks—While we are not aware of any inves-
tigations of a similar electric antiskyrmion defects, the
higher-skyrmion number |Q| > 1 has been already consid-
ered for magnetic systems [49-53]. The geometrically close
textures are the Q = —2 magnetic textures of hexagonal (also
called triangular) magnets [50,51] and ultrathin magnetic
films [54,55]. One of the remarkable common aspects of
these magnetic and electric antiskyrmions that deserves more
attention is the concentration of the dQ in a few “hot spots”
with fractional topological charge [18,50,56]. In the present
antiskyrmion, there are six such hot spots, each carrying
topological charge of about Q ~ —1/3. These “quarklike”
hot spots are located at the frustrated triangular plaquettes at
the crossings of the tangential R71 and radial R109 walls.
Considering that the mirror symmetry planes divide the
antiskyrmion into six equivalent parts, it implies that the total
topological charge is roughly Q ~ —2 and, since it has to be
an integer, it is exactly Q = —2.

Present results are based on a fully atomistic model
(see Refs. [33,34,37,38]). We hope that follow up studies
with a more simplified models will allow to address
the mutual antiskyrmion interactions and the emerging
chirality (Supplemental Material, note S8 [24]) reminding
chiral states of spatially confined ferroelectric dots [57,58].

More rigorous density functional calculation of the entire
antiskyrmion is also beyond our possibilities, but using the
available methodology [59,60], we have conducted first-
principle optimization of dense planar Bloch and bichiral
R180{110} domain wall sets. Comparison with the corre-
sponding optimized shell-model polarization profiles sup-
ports the adopted BaTiO5 shell model (see Supplemental
Material, note 11 [24]).

In summary, we realized that the ferroelectric nano-
domains with a miniscule 2-3 nm diameter can be
stabilized at zero field in BaTiO; and that these nano-
domains have a characteristic hexagonal shape. We have
found that six vortices develop, each on one facet of the
nanodomain, and each carry a fractional topological charge
of —1/3, giving altogether the unusual net skyrmion
topological charge of —2. We computationally affirmed
the stability of these qualitatively novel nanoscale topo-
logical defects, their remarkable resilience to the electric
field and explored the kinetics of their formation.
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