


the vicinity of the singular regions. While stable isolated solitons are
interesting both from a theoretical as well as applied scientific stand-
point, inclusion of particles fuses the topological versatility of soli-
tons with the structural potential of colloidal lattices. This opens a
great variety of particle-soliton bound states to explore.
In this work, we present the structure and manipulation of topo-

logical solitons coupled with colloidal microspheres in a homeotro-
pic chiral nematic cell – a thin slab of cholesteric confined between
parallel surface-treated glass plates. In a range of thickness over
equilibrium cholesteric pitch values ,0.8 to 0.95 and microsphere
diameter ,0.7 of the thickness, we identify solitonic nematic field





the bottom to the top pole, the director makes a p-turn in-plane. In
contrast, the structure in Fig. 3b does not have any bulk defects and
resembles the hopfion structure27. The director only swivels on the
particle surface, amounting to a zero total turning angle, and is thus
distorted, but topologically equivalent to the structure expected in
achiral nematics (Fig. 3c).
The difference in the number of point defects in the bulk suggests

the particle with its boojums carries a different charge in either
structure, which deserves a quick digression into the topology of
the textures. By the Poincaré theorem33,34, director field on a sphere
with degenerate planar anchoring cannot exist without surface boo-
jums with total winding number of 2, which is in our experiments
and simulations fulfilled by a pair of boojums with winding number
of 11 at the poles. The colloidal particle together with both boojums
can be assigned a topological charge assuming that the director is
consistently decorated with arrows to obtain a true vector field.
Following a similar procedure to the topological analysis of spherical
droplets in Ref. 33, we cut the surface into two infinitesimally small
circular patches around the boojums, each contributing 61/2 to the
expression for the topological charge, and the rest of the surface with
a vanishing contribution. Note that while evaluation of the topo-
logical charge benefits from this splitting, only the final integer result
is topologically relevant. The sign of the boojum’s contribution is
positive if the director points outwards at the tip of the boojum and
vice-versa. The degree of freedom that determines the relative sign of
the boojums is the in-plane rotation of the director with changing
polar angle (latitude), which can amount to any integer number of p-
turns. Zero turns corresponds to the particle with a planar degenerate
anchoring in an achiral nematic, which is known to have a zero
topological charge, q 5 0 (Fig. 3c). With an increasing number of
turns, the topological charge of these hypothetical structures alter-
nates between q 5 61 and q 5 0 (Fig. 3d, e). The number of turns is
easily determined by counting the latitudes where the director points
in a horizontal (east-west) direction, taking into account the sense of

director rotation. In the hopfion structure, the director is turning
back and forth to accommodate the soliton around the particle, but
amounts to an even number of turns (zero, in particular) and thus
has zero topological charge with no additional defects required
(Fig. 3b). The toron structure (Fig. 3a) has one turn and therefore
topological charge q 5 61, which explains the additional hyperbolic
hedgehog in the bulk.
Unlike an achiral nematic, where distortions tend to be localized

around the particle, the deformation of the director field extends
more than a diameter away from the particle. From our experiment,
we can conclude that the presence of a particle with degenerate
planar anchoring binds and stabilizes the position of the soliton,
but does not alter the integrity of its texture or its optical signature.



the poles of the particle (Fig. 5c). The boojums orient in the direction
of the central loop of the double twist cylinder, which a small enough
particle feels as an approximately homogeneous field tangential to
the centerline of the torus. Due to the viscous coupling of the particle
with the surrounding medium, rotation of the particle induces rota-
tion of the boojums and consequently, motion of the particle within
the double twist cylinder.
The SPMB was first optically co-located within the double twist

cylinder of a toron, which can be a stable or metastable position of
such a particle with respect to a toron or hopfion, depending on the
relative size of the particle with respect to the size of the toron. A
105 Gs magnetic field rotating at 0.125 Hz was applied in the x-y
plane to rotate the SPMB36, which when coupled via surface interac-
tions with the local director induces a so-called ‘‘orbital’’ motion

(Fig. 6). This orbital motion is in the same sense as the rotating



represents the equilibrium position of the SPMB when it is not being
acted on by the rotating magnetic field. Periodic oscillations of the
orbital radius during rotation are evident. The average angular velo-
city for the region CW1marked on the figure is257 deg/s, for CW2 is
45 deg/s, and for CW3 is 253 deg/s. The dependence of the orbital
angle vs. time indicates asymmetry in orbital angular velocity and
shows that the period depends on the field rotation direction.

Discussion
Our particle-stabilized solitons add to the set of manipulable objects
in frustrated cholesteric liquid crystals. Controlled creation and
annihilation of an extra point defect is a bistable process; a desirable
property in display andmemory devices. The chirality of themedium
thus unlocks the ability to exert active control over the topological
charge of the particle, if the particle size is comparable to the pitch.
Smaller particles are attracted to defects and places with high elastic
deformation and in the chiral solitons structure, become confined by
the double-twist torus. These solitons can thus act as ‘‘invisible’’
channels without the need for solid confining surfaces. Allowing
multiple particles and quasi-particles to interact in the medium
opens new possibilities for self-assembly and targeted assembly of
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32. Čopar, S., Porenta, T. & Žumer, S. Visualization methods for complex nematic
fields. Liq. Cryst. 40, 1759 (2013).

33. Lavrentovich, O. D. Topological defects in dispersed liquid crystals, or words and
worlds around liquid crystal droplets. Liq. Cryst. 24, 117 (1998).

34. Volovik, G. E. & Lavrentovich, O. D. Topological dynamics of defects: boojums in
nematic drops. Sov. Phys. JETP 58, 1159 (1984).

35. Lee, T., Trivedi, R. P. & Smalyukh, I. I. Multimodal nonlinear optical polarizing
microscopy of long-range molecular order in liquid crystals. Opt. Lett. 35,
3447–3449 (2010).

36. Varney, M. C. M., Jenness, N. J. & Smalyukh, I. I. Geometrically unrestricted
topologically constrained control of liquid crystal defects using simultaneous
holonomic magnetic and holographic optical manipulation. Phys. Rev. E 89,
022505 (2014).

37. Chandrasekhar, S. Liquid Crystals, Cambridge University Press, Cambridge,
(1992).

38. Fournier, J.-B. & Galatola, P. Modeling planar degenerate wetting and anchoring
in nematic liquid crystals. EPL 72, 403 (2005).

Acknowledgments
We thank T. Lee, B. Senyuk, and J. van de Lagemaat for discussions. This research was
supported by the U.S. Department of Energy, Office of Basic Energy Sciences, under Award
ER46921 (P.J.A., M.C., M.C.V., M.P., I.I.S.). T.P., S.Č. and S.Ž. acknowledge support from
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