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Room-temperature polar skyrmions, which have been recently discovered in oxide superlattice, have
received considerable attention for their potential applications in nanoelectronics owing to their nanometer
size, emergent chirality, and negative capacitance. For practical applications, their manipulation using
external stimuli is a prerequisite. Herein, we study the dynamics of individual polar skyrmions at the
nanoscale via in situ scanning transmission electron microscopy. By monitoring the electric-field-driven
creation, annihilation, shrinkage, and expansion of topological structures in real space, we demonstrate the
reversible transformation among skyrmion bubbles, elongated skyrmions, and monodomains. The
underlying mechanism and interactions are discussed in conjunction with phase-field simulations.
The electrical manipulation of nanoscale polar skyrmions allows the tuning of their dielectric permittivity
at the atomic scale, and the detailed knowledge of their phase transition behaviors provides fundamentals
for their applications in nanoelectronics.
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Topological polar structures [1–4], such as vortices
[5–10], antivortices [11,12], flux closures [13–16], sky-
rmion bubbles [1,17], merons [18], and toroidal topo-
logical textures [19] that are the electric analogs of
magnetic topologies, have recently been discovered in
low-dimensional ferroelectrics and oxide superlattices.
Because of the strong dielectric anisotropy in polar
systems, significant energy is required to deviate the
electric dipoles from the crystallographic polar axes; this
makes the formation of polar topologies difficult [20–23].
Particlelike polar topologies are stabilized by the complex
interplay among elastic, electrostatic, and gradient ener-
gies, and they exhibit exotic properties, like negative
capacitance [24,25] and chirality [1,26–28], that make
them promising candidates for robust, ultralow-power-
consumption and high-density nanoelectronic devices in
the post-Moore era.

Most applications require the ability to tune polar states
and require the knowledge of their phase transition behav-
iors under external stimuli. Several theoretical and exper-
imental studies have analyzed the phase transition
pathways of polar topological defects under various exter-
nal stimuli. For example, an electric field or stress can alter
the delicate balance between the depolarization field and
strain boundary condition; thus, flux closures and vortices
can reversibly change between topological and trivial
ferroelectric states [29–33]. An ultrafast optical pulse
promotes the transformation of the polar vortice and
a1=a2 domain mixture to the long-range supercrystal phase
[34]. Additionally, polar vortices exhibit collective
dynamic behavior under the subterahertz field [35].
Upon heating, polar skyrmions can undergo topological

phase transition according to Landau theory [36] and can

PHYSICAL REVIEW LETTERS 129, 107601 (2022)

0031-9007=22=129(10)=107601(7) 107601-1 © 2022 American Physical Society

https://orcid.org/0000-0002-3269-8760
https://orcid.org/0000-0003-4358-2648
https://orcid.org/0000-0001-9868-2115
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.129.107601&domain=pdf&date_stamp=2022-09-02
https://doi.org/10.1103/PhysRevLett.129.107601
https://doi.org/10.1103/PhysRevLett.129.107601
https://doi.org/10.1103/PhysRevLett.129.107601
https://doi.org/10.1103/PhysRevLett.129.107601


even form an intermediate state, the meron, with half the
topological number [37]. Furthermore, theoretical studies
[38–40] have predicted that the phase transition between
topological polar skyrmions and trivial ferroelectric phase
can occur at room temperature, which is highly desired for
most nanoelectronic applications. Experimentally, macro-
scopic dielectric measurements and x-ray diffraction recip-
rocal space mappings have detected the response of polar
skyrmions to electric fields and observed the topological
phase transition [24], during which considerable tunability
of the dielectric permittivity was achieved. However, con-
sidering practical applications, the evolution of individual
polar skyrmions with different sizes and their inter-
actions with each other under external fields need to be
understood; this has motivated this study, which analyzes the
dynamic behavior of polar skyrmions at the nanoscale in the
real space.
Herein, we directly observe the electric-field-driven

evolution of individual polar skyrmions via in situ scanning
transmission electron microscopy (STEM). We determine
that polar skyrmion bubbles can be created by fragmenting
the pristine elongated skyrmions under an electric field.
Further increasing the field leads to their shrinkage and
annihilation, forming a trivial monodomain. In contrast,
an opposite bias causes their expansion, interaction, and
merger into a monodomain. Upon returning to zero bias,
isolated skyrmion bubbles randomly renucleate with-
in the monodomain. The multistate switching among

skyrmion bubbles, elongated skyrmions, and monodomain
is reversible and repeatable. Thus, electric fields can be
used to tune the state of polar skyrmions at room tempe-
rature and polar-skyrmion-based nanodevices can be
designed.
The low-magnification medium angle annular dark

field (MAADF)-STEM image in Fig. 1(a) shows a
ðSrTiO3Þ11=ðPbTiO3Þ22=ðSrTiO3Þ11 trilayer film grown
on a SrTiO3 (STO) (001) single crystal substrate via pulsed
laser deposition, with a SrRuO3 (SRO) conductive layer in
the middle serving as the bottom electrode (see Methods for
details). The cross-sectional MAADF image in Fig. 1(a)
and the dark-field image under two beam conditions in
Fig. 1(b) (and Fig. S1 of the Supplemental Material [41])
display the nonuniform diffraction contrast in the PbTiO3

(PTO) layer, which originates from local strain field [42]
around polar skyrmions (Figs. S2 and S3). The alternating
bright and dark regions reflect the antiparallel out-of-plane
polarization, as shown in the simulated polarization map-
ping [Fig. 1(c)]. The planar-view image [Fig. 1(d)] further
suggests the coexistence of circular skyrmion bubbles with
elongated skyrmions, which well matches the previous
study [1]. Moreover, such a mixed structure can be well
reproduced using phase-field simulations [Figs. 1(e) and
1(f)], wherein the colorful domain walls with in-plane
polarization correspond to the bright stripes in Fig. 1(d).
The diffraction contrast of bright stripes is derived from in-
plane lattice distortion. Figure S2 [41] displays the con-
figuration of three-dimensional electric dipole distribution
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FIG. 1. Observation of mixed skyrmion bubbles and elongated skyrmions. (a) Cross-sectional MAADF image of the
ðSrTiO3Þ11=ðPbTiO3Þ22=ðSrTiO3Þ11 trilayer sample, and (b) a dark-field TEM image, displaying an alternating high and low
diffraction contrast within the PTO layer. (c) Antiparallel polarization distribution of the cross-sectional view from phase-field
simulations (denoted by white arrows). The background color mapping illustrates the polarization orientation. (d) Planar-viewMAADF-
STEM image showing the coexistence of skyrmion bubbles and elongated skyrmions. For these domains, dark regions possessing out-
of-plane polarization are separated by bright domain walls with in-plane polarization. (e) Low-magnification and (f) enlarged view of the
white dashed box color mappings constructed from phase-field simulations, depicting the in-plane polarization distribution with
hedgehog-like features. The background color saturation is proportional to the in-plane polarization magnitude; i.e., in the dark regions,
in-plane polarization is basically null while the out-of-plane polarization is dominant, representing the core or periphery of polar
skyrmions. The symbols circle cross and circle dot denote downward and upward polarizations, respectively.
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for a single skyrmion bubble, with the topological number
Nsk ¼ þ1 in each plane:

Nsk ¼
1

4π

ZZ
n ·

�
∂n
∂x

×
∂n
∂y

�
dxdy; ð1Þ

where n denotes the normalized electric dipole moment
vector and ðx; yÞ denote the spatial position [50,51].
To determine the dynamic evolution of polar skyrmions

under an applied electric field, we use a tungsten probe and
the conductive SRO layer as electrodes to apply an out-of-
plane electric field to the film in the electron microscope
[Fig. 2(a)]. We perform in situ experiments in the STEM
mode along the ½012̄� zone axis for better contrast (Fig. S4).
Figure 2(b) displays several typical snapshots of dynamic
evolution selected from movie S1, in the Supplemental
Material [41]. We first apply a positive bias to the trilayer,
which is downward and antiparallel to the skyrmion core
polarization. When the bias is increased from 0 to þ6 V,
the elongated skyrmions shrink and shorten, becoming
thinner and smaller. Some elongated skyrmions are frag-
mentized into isolated skyrmion bubbles, as outlined in
purple in Fig. 2(b) and Fig. S5 [41]. As the positive bias
further increases, the newly formed bubbles and residual
elongated skyrmions transition to the downward-poled
monodomain. Herein, most of skyrmions disappear when
the bias is ∼10 V and Nsk changes from þ1 to 0. However,
the accurate critical bias is difficult to quantitively estimate
due to the complicated contact geometry in the in situ
experimental setup. Nevertheless, our phase-field simula-
tions provide a reference value ∼12.6 V, which is compa-
rable with the experiment. Such an electric-field-stabilized
ferroelectric monodomain is metastable. After removing

the positive bias, considerable isolated skyrmions sponta-
neously return.
Continuing to apply a negative bias, the driving force

widens skyrmion bubbles and elongated skyrmions, even-
tually coalescing into an upward-poled monodomain.
Notably, many dark stripes are still present when the bias
is −10 V, indicating an incomplete topological phase
transition, and the actual threshold is greater than
−10 V. Furthermore, this monodomainlike state at
−10 V is metastable, i.e., the mixed structure regenerates
to a state similar to the initial state when the bias is
removed, demonstrating reversibility. Such asymmetric
cyclic switching of polar skyrmions signifies hysteretic
behavior (Fig. S6), which is quite common in ferroelectric
thin films [52,53]. The measured bright domains under
the electric bias cycle exhibit a ferroelectric loop and an
obvious negative horizontal shift; this is because of the
differences in nonuniform electric field caused by the
asymmetric electrode shapes and/or Schottky barriers at
the interfaces [54,55].
We simulate the dynamic evolution of coexisting polar

skyrmions by applying a homogeneous out-of-plane elec-
tric field in the phase-field simulations. The in-plane
polarization evolution in Fig. 3 verifies the intermediate
process, where elongated skyrmions gradually shrink and
some break into bubbles with increasing electric field
(white dashed boxes in Fig. 3 and Fig. S7 [41]), which
agrees with the experimental results. Topological phase
transition occurs under a critical voltage of U½001� ¼
12.6 V, whereupon all the topological domains disappear
and saturate into a uniform monodomain. Additionally, Nsk
becomes zero. The simulations confirm that a similar
recovery from monodomain to a mixture of skyrmions
occurs when the bias is decreased to 0 V, indicating the
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FIG. 2. Electrical switching dynamics of polar skyrmions in a trilayer. (a) Schematic showing the experimental setup of in situ STEM.
A tungsten tip and SRO conductive layer are used as electrodes to apply an out-of-plane electric field to the film. (b) Selected snapshots
showing the evolution of elongated skyrmions and skyrmion bubbles under positive and negative bias loading periods. The threshold
electric field is ∼5682 kV=cm (10 V). Purple dashed lines outline the characteristic domains. Red circles indicate the drift correction
positions. Each frame is processed using principal component analysis for better visualization.
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lower energy of the mixed state. When the voltage is further
decreased, skyrmion bubbles appear to elongate and widen
through the motion of 180° domain walls. Figure S7
displays the evolution of electric dipoles under the opposite
voltages. Notably, during the expansion, 180° domain walls

with antiparallel electric dipoles in adjacent skyrmions
gradually approach each other, causing a sharp increase in
the strength of Coulomb repulsive interactions, thereby
preventing coalescence and forming another ‘counterclock-
wise’ type polar skyrmion [Figs. S7(d) and S10].
For comparison, we probe the dynamic behavior of polar

skyrmions in the ½ðSrTiO3Þ11=ðPbTiO3Þ22=ðSrTiO3Þ11�6
superlattice, which possesses a high density of small-sized
bubbles according to a previous study [1]. Indeed, the
MAADF image of cross section in Fig. 4(a), the corre-
sponding dark-field image in Fig. S8, and the planar-view
STEM image in Fig. 4(b) confirm the presence of numerous
isolated bubbles and the elongated skyrmions are short and
few. Notably, these topological domains can extend
through lattice defects and are almost unaffected by them
[Fig. 4(b)]. For the positive branch shown in Fig. 4(c), a
topological phase transition is observed when the bias is
increased from 0 to 6 V. Some smaller bubbles start
disappearing even at a bias of 4 V (indicated by orange
arrows), while the larger ones gradually shrink and then
vanish (indicated by yellow arrows), in agreement with
the previous simulation [24]. When the external stimuli is
removed, skyrmion bubbles spontaneously reappear. A
similar expansion is observed in the negative branch with
a critical bias of about −10 V, which is greater than the
positive threshold. Such similar asymmetric switching is
also likely due to the asymmetric electrodes (movie S2
and Fig. S9). Furthermore, the analogous evolution of
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FIG. 4. Electrical switching dynamics of polar skyrmions in a superlattice. (a) Cross-sectional and (b) planar-view MAADF-STEM
images of the superlattice ½ðSrTiO3Þ11=ðPbTiO3Þ22=ðSrTiO3Þ11�6. The enlarged view of the blue dashed box in (b) is placed in the upper
left corner, exhibiting an edge dislocation with a½100� burgers vector. (c) Evolution of skyrmion bubbles under a positive bias loading
along the [001] zone axis. Threshold electric field is about ∼3409 kV=cm (6 V). For better visualization, the background in images 1–4
is removed (see Fig. S9 for original images [41]). The characteristic polar skyrmions during the shrinkage process are indicated by
orange and yellow arrows.
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FIG. 3. Evolution of the coexisting structure in the trilayer
under an external electric field from phase-field simulations. The
first five frames display the topological phase transition from
polar skyrmions to the trivial monodomain that is induced by an
out-of-plane electric field. A uniform saturated monodomain
forms under a critical voltage of U½001� ¼ 12.6 V (E½001� ¼
7159 kV=cm). The sixth frame displays the relaxation process
after the removal of the external field. White dashed boxes
highlight domains with fracture characteristics.

PHYSICAL REVIEW LETTERS 129, 107601 (2022)

107601-4



elongated skyrmions in the superlattice (Fig. S11) demon-
strates the repeatability of the phase transition.
Thus far, our in situ experiments on the ðSrTiO3Þ11=ðPbTiO3Þ22=ðSrTiO3Þ11 trilayer and superlattice mainly

reveal the reversible transformation among skyrmion bub-
bles, elongated skyrmions and monodomain in the real
space, which corroborate the recently published simulation
results and experiments in the reciprocal space [24,39,40].
Two major reversible processes are present: First, the
switching between polar skyrmions and monodomain
signifies that these topological solitons can be eliminated
and generated using an electric field. Second, the switching
between skyrmion bubbles and elongated skyrmions illus-
trates the size adjustability of polar skyrmions. Since mixed
polar skyrmions are nonuniform in shape and size at
nanometer level, their evolution details cannot be clarified
in reciprocal space [24].
The intermediate states and interactions of polar sky-

rmions can be further analyzed. During the shrinkage
process, the so-called “blowing” skyrmion bubbles from
the elongated skyrmions is noteworthy [39,56], which is
similar to the “nanodomains ejection from domain walls”
reported in a previous study [57]. The evolution mechanism
can be well understood from the energy perspective, i.e.,
the applied downward electric field can break the degen-
eracy of the double-well potential and modify the energy
profile as shown in Fig. S12(a), resulting in an energy
increase of polarizations antiparallel to the electric field.
In order to effectively decrease the electric energy
[Fig. S12(b)], polar skyrmions tend to shrink to reduce
the area ratio of the upward polarized domains. Similarly,
the upward electric field promotes the expansion of sky-
rmions, during which 180° domain walls of the adjacent
skyrmion #A and #B approach each other (Fig. S10).
Meanwhile, the antiparallel polar vectors (denoted by black
arrows) create repulsive Coulomb interactions, preventing
domain walls from further approaching. The trade-off of
these two mechanisms favors the formation of another
counterclockwise skyrmion #C. Analogously, the newly
formed skyrmions disappear after the driving force crosses
the finite energy barrier between topological and trivial
ferroelectric states.
Another noteworthy issue is whether polar skyrmions

have long-range motion when excited using an electric
field. Herein, the “center” position of polar skyrmions is
basically unchanged during the in situ experiments driven
by only a single out-of-plane electric bias; however, the
regenerated positions of skyrmions can be slightly different
from the original ones after the electric field is removed.
Reminiscent of the in-plane spin-polarized current that can
drive the motion of magnetic skyrmions [58,59], we
employ phase-field simulations to apply an in-plane electric
field (see Fig. S13). However, in contrast to the magnetic
case, all polar skyrmions disappear under a small in-plane
voltage rather than the expected overall long-range motion.
Thus, moving polar skyrmions using simple electric fields
seems difficult.

In summary, our study experimentally revealed the
electrically driven dynamic behaviors of polar skyrmions
at the nanoscale. By applying an electric field with proper
direction andmagnitude, we can create, erase, or change the
size of polar skyrmions. The evolution of polar skyrmions
under an out-of-plane electric field is similar to that of
magnetic analogs driven by a magnetic field [56,60],
showing a transition between elongated skyrmions to
bubbles and then to monodomains, except that the polar
skyrmions do not exhibit any obvious long-range motion,
even when an in-plane electric field is applied. Additionally,
observations in real space directly display intermediate
states in the reversible conversion and interactions between
different topological individuals, as well as the effect of
lattice defects. Furthermore, the enriched microstructural
information lays the foundation for interpreting the macro-
scopic performance, including asymmetric curves of per-
mittivity under opposite electric fields [24]. This electrically
driven method for generating more and smaller skyrmion
bubbles from the mixed structure is simpler and more
effective than the layer tuning suggested in the previous
study [1]. Thus, real space observations of the tunable
behaviors of topological polar skyrmions under an electric
field provide vital information for their potential applica-
tions in nanoelectronics [41].
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