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Dynamical topology in ferroelectric nanostructures by 1
2 [110](110) dislocations in SrTiO3
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Dynamical topology in ferroelectrics such as polarization rotation begins to attract interest because it brings
new opportunities to generate properties that the static states cannot achieve. However, polarization behavior
cannot be complicated under the spatially homogeneous electric fields that ferroelectrics are typically subjected
to. Here, we demonstrate that a ferroelectric nanostructure with polarization rotation under cyclic electric fields
is induced by a 1

2 [110](110) dislocation in SrTiO3. Phase-field simulations show that an elastic field specific
to the dislocation causes an L-shaped ferroelectric nanoregion in paraelectric SrTiO3 while a trajectory of
polarization exhibits clockwise rotation under one cyclic electric field. Furthermore, we demonstrate that the
trajectory exhibits a clockwise-oscillation-anticlockwise transition, depending on the angle of the one cyclic
electric field, which leads to functionalities such as binary addition. This work provides a strategy to engineer
polarization dynamics and expands the knowledge of topology and the application of ferroelectrics.
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I. INTRODUCTION

Topological objects such as vortices, hedgehogs, and
skyrmions formed by electric polarization in ferroelectrics are
now a hot topic in materials science due to their exotic phe-
nomena and potential applications [1–6]. The exploitation of
such novel phases in ferroelectrics has mainly been conducted
in static states, but dynamic states have begun to gain attention
recently. According to the progress in the ability to manipulate
materials in the time domain, dynamical equilibrium states,
which are achieved by time-dependent but periodic external
fields, provide new opportunities to generate properties that
the static states cannot offer [7–9]. For example, lattice dy-
namics in YBa2Cu3O6.5 during terahertz-frequency optical
pulses are responsible for superconductivity up to room tem-
perature [10]. In this context, it has been theoretically demon-
strated that polarization rotation in ferroelectrics induces
magnetization as a consequence of the Dzyaloshinskii-Moriya
interaction, and a new concept of dynamical multiferroicity
was proposed [11,12]. These studies indicate that dynamical
topology, or characteristic trajectories of polarization behavior
under electric fields, will result in unprecedented properties or
functionalities. However, despite such growing interest, few
such complicated polarization behaviors have been reported
[13–16], and to the best of our knowledge, stand-alone ferro-
electrics such as dots and rods with dynamical topology have
never been reported although such low dimensionality is often
required for device application [17]. The potential reason for
this is that polarization is restricted by crystal orientations
and cannot move freely. Moreover, the spatially homogeneous
cyclic electric field that ferroelectrics are typically subjected
to does not have chirality as an input, which is essential for
topological configurations. Therefore, a novel mechanism is
required that overcomes the restricted path and converts trivial
inputs to topological outputs.
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Dislocations, which are one-dimensional lattice defects in
materials, are typically treated as the result of deformation and
are not considered to be the origin of ferroelectricity. How-
ever, recent studies have shown that polarization is locally
induced around dislocations in strontium titanate (SrTiO3)
due to strain concentration [18–20] although this material is
ideally in the paraelectric state [21–24]. This induced ferro-
electricity is an isolated ferroelectric nanostructure embedded
within a paraelectric matrix [25]. Therefore, the properties of
polarization can be engineered by unique strain distributions
around dislocations, i.e., mechanical engineering by defects.
So far, ferroelectricity around dislocations on the slip plane
(010), which is parallel to the crystal orientation, has been
mainly investigated. All polarization around these disloca-
tions switches simultaneously as with typical ferroelectrics
under spatially homogeneous electric fields because the strain
region is formed only under the dislocation. However, since
variations in slip planes disturb this monotonous region, ferro-
electricity caused by other slip systems is expected to exhibit
more complicated polarization dynamics.

Here, we demonstrate via phase-field simulations that
an isolated ferroelectric nanostructure by an edge disloca-
tion with the Burgers vector 1

2 [110] on the slip plane (110)
( 1

2 [110](110) dislocation) in SrTiO3 exhibits clockwise po-
larization rotation, i.e., dynamical topology under one cyclic
electric field. Furthermore, we demonstrate that the dynamics
exhibit a clockwise-oscillation-anticlockwise transition de-
pending on the angle of the electric field, which leads to
functionalities such as binary addition. These results provide
a strategy to engineer polarization dynamics and expand our
knowledge of topology and the application of ferroelectrics.

II. SIMULATION PROCEDURE

Figure 1 shows schematic images of this study. We fo-
cused on ferroelectricity and its dynamic behavior by the
1
2 [110](110) dislocation [26–28]. To this dislocation, we
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FIG. 1. Schematic illustrations of (a) one cyclic electric field E ,
where T is time and (b) a 1

2 [110](110) dislocation under the cyclic
electric field from the x direction with an angle of β. The amplitude
of the electric field is ±0.6 (107 V/m) in this study. The blue arrow
indicates the Burgers vector.

applied one cyclic electric field [Fig. 1(a)] from the x direction
with an angle of β to evaluate the dynamical behavior. That
is, the dislocation undergoes a spatially homogeneous electric
field from the left in the first half of the cycle while it un-
dergoes a spatially homogeneous electric field from the right
in the second half at a fixed angle [Fig. 1(b)]. Note that such
a cyclic electric field is the simplest field that ferroelectrics
are subjected to. The formation of spontaneous polarization,
p = (px, py, pz ), around the dislocation and its responses to
the electric field at room temperature were carefully simu-
lated by the phase-field modeling of SrTiO3 based on the
Ginzburg-Landau theory [29–32]. We employed a simulation
model that consists of 128�x × 128�x × 1�x grids with
�x = 0.25 nm, and the elastic field caused by the dislocation
was introduced at the center as shown in Fig. S2 [33,34].
Although a periodic boundary condition was applied to the
model, the dislocations are regarded as isolated because the
distance between neighboring dislocations is 32 nm. Phase-
field simulations were performed with the Fourier spectral
iterative perturbation method [35–38] and the semi-implicit
Fourier-spectral method [39,40] due to their computational ef-
ficiency. Full details of the computational details are available
in the Supplemental Material [41].
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FIG. 2. (a) Polarization distribution, (b1) elastic strain distribu-
tion εelas

xx , and (b2) εelas
yy around a 1

2 [110](110) dislocation in SrTiO3

where the scale bars are 3 nm. In the polarization distribution, the
contour region is where |p| > 0.08 C/m2 and its contour color and
arrows indicate polarization directions. The inset is the averaged po-
larization direction. In the strain distributions, the contour indicates
the magnitude of strain. The white lines indicate the contour lines of
±1.0 and ±2.0 (%), respectively.

III. RESULTS AND DISCUSSIONS

Figure 2(a) shows the polarization distribution around a
1
2 [110](110) dislocation. The contour region shows where
ferroelectricity appears while the color shows the polarization
directions. An L-shaped ferroelectric nanoregion is formed
around the dislocation. In this region, polarization points in
the x direction under the dislocation while it points in the
y direction at the left side. The averaged polarization was
calculated as according to

Pave = 1

V

∫
V

pdv, (1)

where V is the volume of the ferroelectric nanoregion. Due to
the L-shaped polarization structure, the averaged polarization
points in the upper left direction as shown in the inset of
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Fig. 2(a). To understand the appearance of ferroelectricity,
the strain field around the 1

2 [110](110) dislocation was in-
vestigated. The contour shows the magnitude of strain. The
x-directional tensile strain is formed under the dislocation
[Fig. 2(b1)] while tensile strain along the y direction is formed
at the left side [Fig. 2(b2)]. Thus, an L-shaped tensile strain
field is spontaneously formed around the 1

2 [110](110) dis-
location. Since SrTiO3 undergoes a paraelectric-ferroelectric
phase transition by tensile strain [21–23], the L-shaped ferro-
electric nanoregion is attributed to the L-shaped tensile strain
field. This appearance of polarization may slightly relax the
original elastic field of the dislocation because, at the tensile
regions, strain levels before the polarization formation are
slightly higher (Fig. S3). Note that a simpler dislocation, that
is an edge dislocation with the Burgers vector [100] on a slip
plane (010), does not exhibit such L-shaped ferroelectricity
(Fig. S4) because the tensile region is formed only under the
dislocation [18]. Therefore, this L-shaped polarization struc-
ture is specific to the 1

2 [110](110) dislocation.
Figure 3 shows the trajectories of the averaged polarization

under one cyclic electric field. The trajectories move in the
order of points a, b, c, d, e, f, g, h, and i, which corre-
spond with the intensity of the cyclic electric field. When
β = 0◦ [Fig. 3(a)], the averaged polarization points to the
upper-left, the upper-right, the lower-right, the lower-left, and
the upper-left direction in this order. That is, the polariza-
tion rotates clockwise under one cyclic electric field, which
indicates that, despite the absence of chirality in the input,
polarization dynamics exhibit topological behavior that typ-
ical ferroelectrics do not have. Noted that, in the case of
a perfect crystal SrTiO3, polarization does not exhibit such
rotation by electric fields and the magnitude of polarization
in this electric field range is much smaller than that around
the dislocation (Fig. S5). These indicate that this polarization
rotation can be attributed to ferroelectricity around the dis-
location. Here, the ferroelectric nanoregion is a ferroelectric
nanostructure embedded within a paraelectric matrix. Thus,
an isolated ferroelectric nanostructure with dynamical topol-
ogy can be tailored by a 1

2 [110](110) dislocation. This rotation
shrinks with an increase of β [Fig. 3(b)] and, when β = 45◦
[Fig. 3(c)], the trajectory of polarization returns to the first
position through the same path, i.e., oscillation, which indi-
cates that the polarization dynamics are no longer topological.
However, with a further increase of β, the polarization begins
to rotate again but the direction is anticlockwise [Fig. 3(e)].
Therefore, the polarization dynamics undergo a clockwise-
oscillation-anticlockwise transition depending on the angle of
one cyclic electric field.

To elucidate the underlying mechanism of the polarization
rotation, polarization distributions under one cyclic electric
field with an angle of β = 0◦ were analyzed [Fig. 4]. Here,
each distribution corresponds to the points in Fig. 3(a). At
first, the averaged polarization points in the upper-left direc-
tion [Fig. 4(a)]. This state undergoes a spatially homogeneous
electric field from the left. With an increase of the electric
field, the ferroelectric nanoregion under the dislocation, which
has polarization antiparallel to the field, preferentially shrinks
[Fig. 4(b)]. As a result, polarization under the dislocation
switches at point c of E = 0.5 (107 V/m), and the tail-to-
tail configuration is formed [Fig. 4(c)]. At this point, the
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FIG. 3. Trajectories of averaged polarization Pave, under one
cyclic electric field. Points a = 0.0, b = 0.4, c = 0.5, d = 0.6, e =
0.0, f = −0.4, g = −0.5, h = −0.6, and i = 0.0 (107 V/m), re-
spectively. The insets show schematic illustrations of the averaged
polarization directions at the corresponding points.

averaged polarization points in the upper-right direction. On
the other hand, polarization at the left side of dislocation
switches at point d of E = 0.6 (107 V/m), which results in
the averaged polarization pointing in the lower-right direction
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FIG. 4. Polarization distributions under one cyclic electric field with an angle of β = 0◦. The points correspond to those in Fig. 3(a). Here,
polarization undergoes an electric field from the left in the first half of one cycle (points a–e) while it undergoes an electric field from the right
in the second half (points e–i). White arrows indicate the directions of local polarization in the ferroelectric nanoregion while red arrows in the
insets indicate the averaged polarization directions. The definition of the contour region is the same as in Fig. 2(a).

[Fig. 4(d)]. This unusual switching of polarization perpen-
dicular to the field is attributed to the energetic instability
of the tail-to-tail configuration due to the electrostatic in-
teraction. With a decrease of the electric field, polarization
is completely switched from the initial state at point e of
E = 0.0 (107 V/m) [Fig. 4(e)]. Next, this state is subjected
to the electric field from the right. With an increase of the
electric field, the ferroelectric nanoregion under the disloca-
tion preferentially shrinks and switches [Figs. 4(f) and 4(g)],
the same as points b and c. However, at point g of E =
−0.5 (107 V/m), the head-to-head configuration is formed,
which is different from point c, and the averaged polariza-
tion points in the lower-left direction [Fig. 4(g)]. At point h
of E = −0.6 (107 V/m), polarization at the left side of the
dislocation switches to avoid the energetically unstable head-
to-head configuration, and the averaged polarization points
in the upper-left direction [Fig. 4(h)]. With a decrease of
the electric field, the polarization configuration returns to the
initial state at point i of E = 0.0 (107 V/m) as shown in
Fig. 4(i).

Therefore, the switching path differs between going (points
a–e) and returning (points e–i) despite the spatially homo-
geneous electric field due to the preferential polarization
switching under the dislocation. This is the reason for the
polarization rotation of Fig. 3(a), which is a different mech-
anism from those observed in ferroelectrics with intermediate
monoclinic phases [13–15] and nanoporous PbTiO3 [16]. On
the other hand, the transition from the clockwise rotation to
oscillation can be attributed to the fact that polarization at the
left side of and under the dislocation is likely to switch at
the same time by an increase of β. The transition from the
oscillation to the anticlockwise rotation by a further increase
of β could be due to preferential polarization switching at
the left side of the dislocation. It should be noted that such a
variety of switching behaviors, thus polarization trajectories,
are not observed in a simpler dislocation, indicating that the
above behaviors are unique to a 1

2 [110](110) dislocation (Figs.
S6 and S7).

We investigated functionalities by the dynamical topology
in a finite dimension in this study. As mentioned above, the
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TABLE I. Polarization dynamics around a 1
2 [110](110) disloca-

tion under one cyclic electric field. Symbols ◦ and × in the input
column indicate applying/not applying electric fields and those in
the output column indicate exhibiting/not exhibiting the motions.

Input Output

E0◦ E90◦ Oscillation Rotation

No electric fields × × × ×
β = 0◦ ◦ × × ◦
β = 90◦ × ◦ × ◦
β = 45◦ ◦ ◦ ◦ ×

polarization switching path exhibits rotation at β = 0◦ and
90◦ or oscillation at β = 45◦, as summarized in Table I. Here,
we considered that an electric field with β = 45◦ is a superpo-
sition of those with β = 0◦ and 90◦. Table I corresponds with
the binary addition: 0 + 0 = 00, 1 + 0 = 01, 0 + 1 = 01, 1 +
1 = 10, which indicates arithmetic by polarization dynamics.
Thus, an isolated or stand-alone ferroelectric nanostructure
by a 1

2 [110](110) dislocation functions as a nano-half adder,
which can be an alternative to conventional transistor-based
circuits that have faced critical problems through miniatur-
ization [42–45]. Furthermore, according to Juraschek et al.,
polarization rotation is expected to induce magnetism [11],
which suggests the ferroelectric nanostructure in this study
may be a dynamical multiferroic nanoelement. Moreover, a
recent proposal of an atom or spin heat engine [46,47] in-
spired us to see the result in terms of machinery. That is,
a ferroelectric nanostructure in which polarization rotation
is induced by an oscillation of an electric field can be re-
garded as a nanocrank mechanism, i.e., a building block of
a nanomachine. These functionalities are completely different
from those of the static counterpart, i.e., polarization vortices
in nanodots.

Thus, an elastic field of 1
2 [110](110) dislocations induces

an isolated ferroelectric nanostructure with unconventional
dynamics, which is a new way to design topology and func-
tionality in ferroelectrics. Although we have considered an
isolated dislocation, the elastic field could be more com-
plicated through effects from other dislocations or defects.
This suggests that polarization behavior exhibits more diverse
dynamical topologies such as eight-shaped and trefoil tra-
jectories. Moreover, polarization switching affected by other
dislocations can be regarded as a many-body system through
elastic fields and electrostatic interactions. Thus, chaos phases
could occur or be tuned depending on the density of dis-
locations. Since dynamical topology leads to functionalities;
such topological and chaos phases surely bring novel and
unprecedented functionalities.

IV. CONCLUSION

We have demonstrated that a ferroelectric nanostructure
with dynamical topology can be tailored by a 1

2 [110](110)
dislocation in SrTiO3. Phase-field simulations revealed that
an elastic field around the dislocation induces an L-shaped
ferroelectric nanoregion. Application of one cyclic electric
field to this region results in preferential switching of the
polarization under the dislocation and then the polarization
at the left side switches. This results in clockwise polarization
rotation. Furthermore, we demonstrated that the polarization
dynamics exhibit a clockwise-oscillation-anticlockwise tran-
sition depending on the angle of the electric field, which can
lead to functionalities such as binary addition. The results
presented here demonstrate the mechanical engineering of
polarization dynamics by defects, which is expected to lead to
unprecedented topology and functionalities in ferroelectrics.
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