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Motion of topological defects enables the plasticity of
metals and mediates condensed matter phase transi-
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method14, 21:

W ¼ R
K11
2 ∇ � nð Þ2 þ K22

2 n � ∇ ´nð Þ þ q0½ �2�

þ K33
2 n ´ ∇ ´nð Þ½ �2 � ε0Δε

2 E � nð Þ2�dV

ð1Þ

where q0= 2π/p is the equilibrium chiral wavenumber, K11, K22

and K33 are Frank elastic constants that pertain to splay, twist and
bend distortions of n(r), respectively, Δε is the dielectric
anisotropy (Table 1) and integration is over the sample’s volume.
Since the boundary conditions at the confining substrates used in
experiments are strong and always satisfied14, W contains only
the bulk terms of free energy and the surface energy does not
enter this minimization problem (we note that the baby
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Fig. 3 Three-dimensional structure of baby skyrmions in a confined LC. a,a
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skyrmions can be also realized in cells with weak perpendicular
boundary conditions15, but this type of cell confinement is
outside the scope of the present study). The energy-minimizing
configurations of baby skyrmions (Fig. 2d–f), which emerge from
a competition of LC elasticity and the dielectric coupling of n
with electric field E, are consistent with the POM micrographs
(Fig. 2a–c).

Figure 3 shows the nonpolar (Fig. 3a–d) and vectorized
(Fig. 3e–h) representations of numerically simulated equilibrium
director structures of the studied solitons before and
after applying the electric field. These computer-simulated
director structures are consistent with the experimental
reconstruction of the director field. To demonstrate this, Fig. 4
compares experimental and computer-simulated three-photon

excitation fluorescence polarizing microscopy (3PEF-PM) images
corresponding to the director structures depicted in Fig. 3 for the
case of circular polarization of the 3PEF-PM excitation light18.
The good agreement between the experiment and modeling
supports our interpretation of the experimental findings.
Furthermore, a similar good agreement between experimental
(Fig. 2g, h) and computer-simulated (Supplementary Fig. 1)
structures is found also for the baby skyrmion oriented with its
axis orthogonal to n0 and the translationally invariant 2D plane
containing n0.

Topology of baby skyrmions in chiral LCs. The baby skyrmion
n(r)-structures that we study belong to a diverse family of
solitons called ‘torons’, which contain localized twisted domains
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Fig. 4 3PEF-PM images of baby skyrmions. a, b Experimental 3PEF-PM images of the director structure of the skyrmion in the cross-sectional plane
orthogonal to the skyrmion's axis and parallel to substrates for (a) U= 0 V and (b) U= 4 V. fc= 1 kHz. The scale bar in a is 10 µm and applies to images (a–
d). c, d
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embedded in a uniform far-field background with the help of
point or ring-like defects
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changes across the cell thickness, so that they roughly self-
compensate and do not significantly alter dynamics of the
skyrmion motion). Although our tracer nanoparticles interact
with the solitons, similar to the case of our previous studies35,
these interactions do not reveal fluid flows in the skyrmion
vicinity, additionally confirming that electroconvection and
hydrodynamics effects cannot be responsible for the skyrmion
motion. These findings pose a challenge of unraveling the
physical origins of the observed soliton dynamics.

To gain insights to the physics behind the directional skyrmion
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out-of-equilibrium behavior of this solitonic system. For example,
at high voltages, the backflow-mediated motion of tracer particles
spatially co-located with the skyrmion’s localized field configura-
tion may exhibit an interplay with the topology and periodically
evolving structure of these topological solitons.

Similar to active colloidal particles2, which locally convert
chemical energy to self-propel, skyrmions locally convert electric
energy due to the modulated applied voltage to produce
directional motion by invoking the rotational dynamics of
n(r,t). The time evolution of solitonic director structures within
each modulation period Tm, analyzed on the basis of experi-
mental and simulated POM videos (Fig. 7a, b), as well as the
high-H twisted regions and preimages (Fig. 7c, d), is non-
reciprocal with respect to turning the high-frequency voltage on
and off. The non-reciprocity of n(r,t) within Tm of a squirming
skyrmion arises mainly from the fact that dielectric and elastic
torques drive the director evolution when voltage is turned on but
only the elastic torque drives relaxation of the structure upon
turning voltage off. Even in the case of LC displays20, where
switching involves only topologically trivial translationally
invariant director structures, this difference in torque balances
upon turning voltage on and off causes differences between the
rising and falling response times. In the case of baby skyrmions,
however, the non-reciprocity of the on- and off-cycles is further
enhanced by LC chirality and the fact that the director structure
at applied E is highly asymmetric (Figs. 2e, f, 3, 4), which causes
highly asymmetric patterns of dielectric and elastic torque
densities. The asymmetry of evolution of n(r,t) visually resembles
how the low-Reynolds-number motion in biology takes advantage
of non-reciprocity of effective and recovery strokes, say due to the
beating cycles of cilia16. However, one should also understand the
limitations of this analogy as compared to active particles and
biological cells because, being localized field configurations, our
skyrmions have no cell walls, membranes, or physical interfaces.
Furthermore, the soliton motion reported here can emerge only
in anisotropic media that feature facile response of localized field
configurations to external stimuli.

Figure 8 shows a series of frames extracted from a POM video
demonstrating that not only individual baby skyrmions exhibit
directional motion, but also that multiple skyrmions within
the same sample can exhibit such behavior. Interestingly, the
dynamics of these different skyrmions is characterized by
comparable velocity and the same motion direction (Fig.
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