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Orientational structures formed in cholesteric droplets with homeotropic surface anchoring have been stud-
ied by means of polarization optical microscopy and computer simulations. It has been found that, when the
ratio of the size of droplets to the pitch of a cholesteric helix ranges from 1.4 to 2.9, an axisymmetric toroidal
cholesteric structure is formed with a topological linear defect in the form of an equatorially located surface
ring. The features of the toroidal structure in cholesteric droplets and their optical textures for various obser-
vation schemes are examined in detail.
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The director field n (unit vector oriented along the
favorable direction of long axes of molecules) in cho-
lesteric liquid crystals in a free state forms a helical
structure characterized by the intrinsic pitch of the
helix  at which the director is rotated by an angle of
2π. The interaction of cholesteric liquid crystals with
bounding surfaces is responsible for the formation of
diverse structures depending on boundary conditions
and the ratio of the pitch of the helix to the thickness
of a cholesteric liquid crystal layer [1]. When a choles-
teric liquid crystal is located in a confined cavity, the
geometry of the cavity imposes additional conditions
on the structure of the liquid crystal in addition to the
above factors [2, 3]. In turn, a structure formed in such
cavities affects the optical [4–7], photomechanical [7,
8], thermomechanical [9, 10], hydrodynamic (micros-
wimmer) [11], etc., properties of cholesteric liquid
crystal droplets.

In the case of tangential anchoring, defects with the
total surface topological charge equal to the Euler
characteristic of the surface (+2) are formed on the
surface of droplets. In particular, a twisted bipolar
configuration [12–14] and a structure with a  dis-
location or a  diameter dislocation [12–18] can be
formed depending on the ratio of the pitch of the helix
to the diameter of the droplet. The bipolar configura-
tion is formed in the case of a relatively large pitch of
the helix; as the pitch of the helix decrease, surface
point defects approach each other and the structure is

finally transformed into the configuration with the 
dislocation [12, 14].

In the case of homeotropic anchoring, helicoidal
ordering or/and boundary conditions should be dis-
turbed on the surface of the droplet. As a result, struc-
tures with various combinations of point and linear
defects in the bulk and near the surface [19, 20], a
structure with a linear surface defect in the form of
double twisted helix [15, 21, 22], a structure of nested
cups [15], and other layered structures [23, 24] can be
formed in droplets. The formation of structures with
point defects in the bulk makes it possible, on one
hand, to keep the homeotropic orientation on the
entire surface of the droplet and, on the other hand, to
implement twisting of the director in the bulk. The
number and type of point defects depend on the ratio
of the diameter of the droplet d to the intrinsic pitch of
the helix ; in this case, the law of conservation of the
total topological charge of defects is satisfied [19, 20].
At relatively large ratios d/p0, layered structures with-
out point defects are observed more frequently, which
promotes a lower twist strain of a cholesteric liquid
crystal (helicoid). In particular, the pitch of the helix
formed in droplets with the bipolar helix axis distribu-
tion in the structure at d/p0 > 5 is close to the intrinsic
pitch of the helix  [25]. In this case, a twisted ring
defect appears on the surface of the droplet [22]; this
defect makes it possible to keep the homeotropic ori-
entation of the director on almost the entire surface of
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Fig. 1. (Color online) Photographs of a droplet with the
toroidal structure of the cholesteric liquid crystal where
the axis of symmetry of the droplet is perpendicular to the
sample plane (a) in the scheme of crossed polarizers and
(b) without analyzer. (c) Schematic of the director lines in
the central cross section of the droplet. Here and in the
other figures, double arrows indicate the directions of
polarizers and the red line denotes the surface ring defect.
The diameter of the droplet is 11 μm and the intrinsic pitch
of the cholesteric helix is  μm.= .0 5 5p
the droplet and simultaneously to implement a twisted
structure in the bulk.

In this work, we perform experimental and com-
puter simulation studies of the orientational structure
in cholesteric liquid crystal droplets that is formed
under the homeotropic boundary conditions for ratios
d/p0 between values characteristic of the twisted radial
structure with a point defect and a configuration with
the bipolar helix axis distribution.

Experimental studies were carried out for choles-
teric liquid crystals based on the Е7 nematic liquid
crystal (Merck) doped with 3.0 wt % cholesteryl ace-
tate (Sigma Aldrich). The intrinsic pitch of the helix at
this concentration is  μm [25]. To obtain
droplets with the homeotropic anchoring, the choles-
teric liquid crystal was dispersed in poly(isobutyl
methacrylate) (Sigma Aldrich). Composite film sam-
ples were fabricated by the TIPS technology [26] with
the weight ratio cholesteric liquid crystal : poly(isobu-
tyl methacrylate) = 60 : 40. The size of droplets d (vis-
ible diameter of droplets in the sample plane) was
determined by the cooling rate and varied in the range
of 2–30 μm. The studies were performed with an Axio
Imager.A1m (Carl Zeiss) polarizing optical micro-
scope at a temperature of t = 25°C.

The computer simulations were performed within
the Frank elastic continuum theory including the elas-
tic energy of distortion of the director field, the surface
energy of interaction of the liquid crystal with the
interface, and the energy of disclinations [27]:

(1)

Here , , and  are the splay, twist and bend
elastic constants, respectively; n is the director field in
the droplet; W is the energy of the surface anchoring
per unit area; γ is the angle between the director and
normal to the surface;  is the equilibrium
cholesteric twist wavenumber; and  is the total
energy of point and linear defects. The optimization of
the director field was performed by the Monte Carlo
simulated annealing method with the Metropolis cri-
terion. The calculations were performed for a spherical
droplet on a 48 × 48 × 48 grid with the ratio

 = , which corresponds to
the E7 nematic mixture, and the linear energy density
of disclinations . The surface anchoring
energy was specified through the dimensionless
parameter  = 200, which corresponds to
strong anchoring (here and below, R is the radius of
the droplet). The equilibrium pitch of the cholesteric
helix was taken to be  μm.
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Under homeotropic boundary conditions, a radial
configuration of the director is formed in the nematic
droplet with a bulk hedgehog point defect at the center
of the droplet [26]. In cholesteric droplets with small
ratios d/p0, an untwisted radial configuration is also
formed [28]. In the system under study, such a struc-
ture is observed in droplets with diameters smaller
than 3 μm. With an increase in the size of droplets, the
radial structure is twisted and, simultaneously, the
point defect is shifted from the center of the droplet. In
droplets with diameters equal to and larger than 5 μm
( ), the point defect is located near the bound-
ary of the droplet. Such a picture can be observed in
individual droplets with diameters up to 15 μm
( ).

Droplets with diameters in the range of 8 to 16 μm
demonstrate an axisymmetric configuration (Fig. 1),
which is much similar to the toron structure in the pla-
nar cholesteric layer [29]. Such a toroidal cholesteric
configuration in droplets includes a surface ring defect
whose plane coincides with the central cross section of
the droplet and is perpendicular to the axis of symme-
try of the droplet. This is clearly seen when the axis of
symmetry of the droplet lies in the sample plane
(Fig. 2). The feature of the toroidal configuration of
the cholesteric droplet is that the total rotation of the
director along the diameter for any direction in the
plane of the ring defect (in the equatorial cross section
of the droplet) is π and is independent of droplet size.
This is manifested in the optical texture as the absence
of additional lines associated with the lensing effect.

The calculations confirm that the toroidal configu-
ration of the director field of the cholesteric liquid
crystal is stable in the indicated size range (Fig. 3). The
structure corresponding to the global energy mini-
mum is characterized by a high degree of axial symme-
try (Fig. 3a). A ring defect is located on the surface in
the equatorial cross section of the droplet. To analyze
the topology of the resulting structure in more detail,
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Fig. 2. (Color online) Photographs of the droplet with the
toroidal cholesteric structure when the axis of symmetry of
the droplet lies in the plane of the composite film and (a)
is perpendicular to the polarizer and (b–d) makes an angle
of 45° with the polarizer when the microscope is focused
(b) on the center of the droplet and (c, d) on the segment
of the ring defect (c) above and (d) below the center of the
droplet. Photographs are taken in (upper panels) unpolar-
ized light, (middle panels) in the scheme with a switched-
off analyzer, and (lower panels) in crossed polarizers. Sin-
gle arrows indicate the position of the ring defect. The
diameter of the droplet is 11 μm.
we calculated the distribution of the cholesteric wave
vector  whose direction coincides with the local
direction of the axis of the cholesteric helix by interpo-

( )q r
Fig. 3. (Color online) (a) Calculated configuration of the direct
surface ring defect in the central cross section. The director fiel
green, and blue, respectively. The thick red line marks the ring
according to the relative magnitude . Contours indicate t

, and . (c) Simulated optical textures in
is 1.8 μm.
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lating the local director field by an unperturbed cho-
lesteric helix. At each mesh point, we calculated the
pitch of the helix  and the direction of the twist
vector  that provide the best description of the
local director distribution taking into account 26 near-
est neighbors. Figure 3b shows the principal cross sec-
tions of the field q thus obtained by the planes that pass
through the axis of symmetry of the structure and are
perpendicular to it. For convenience, the directions of
the field are represented by unit vectors and  is
shown by a color map (see the inset). Images of the
toroidal structure of the cholesteric liquid crystal in
crossed polarizers (Fig. 3c) calculated by the Jones
matrix method [30] correspond to the experimentally
observed pictures (Figs. 1a and 2a).

The homeotropic anchoring in cholesteric droplets
promotes the formation of a structure with different
magnitudes of the wave vector |q| in the bulk of the
droplet. For the toroidal cholesteric structure, twist
strains hardly exist in most of the bulk of the droplet.
In particular, the relative magnitude of the wave vector

 is no more than 1/3 not only near the boundary
of the droplet but also in the central region most dis-
tant from the interface (Fig. 3b). The twist strain is sig-
nificant only near the ring defect, where the local pitch
of the helix is close to the intrinsic pitch of the helix.
In larger droplets (at large ratios d/p0), the difference
between the wave vectors of the cholesteric liquid
crystal in the free state  and the wave vector q formed
in the droplet is larger. This behavior fundamentally
distinguishes this structure from the layered structure
with the bipolar helix axis distribution [25], where the
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or in the droplet with the toroidal cholesteric structure with the
d distribution in the Ox, Oy, and Oz directions is shown in red,
 defect. (b) Wave vector field q of the cholesteric helix colored
he boundaries of the regions under the conditions ,
 the geometry of crossed polarizers. The diameter of the droplet
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period of the structure with an increase in the diame-
ter of the droplet approaches the period of the choles-
teric liquid crystal in the free state. In this case, the
character of the wave vector distribution generally
does not change with an increase in d/p0, but contours
(Fig. 3b) corresponding to  = 1/6, 2/6, and 4/6
are shifted toward the ring defect. Such a change in the
relative magnitude of the wave vector is accompanied
by an increase in the elastic strain energy, primarily
twist strain energy. At the same time, the stability of
the toroidal cholesteric structure with increasing d/p0
can be explained by the existence of the ring surface
defect whose relative length (length divided by the
diameter of the droplet) and, thereby, the surface
energy do not increase in the axisymmetric structure.

To conclude, we have revealed and studied in detail
the axisymmetric toroidal structure in cholesteric
droplets with the homeotropic boundary conditions.
This structure is formed in cholesteric liquid crystal
droplets at ratios 1.4 < d/p0 < 2.9, which are between
the values characteristic of the twisted radial structure
and the configuration with the bipolar helix axis distri-
bution. The toroidal cholesteric structure is character-
ized by a surface ring defect, which is located in the
equatorial plane and increases the contribution of the
surface energy to the total free energy of the system.
Thus, a change in the anchoring energy in cholesteric
liquid crystals at the interface will affect the balance of
energies associated with elastic strains and the length
of the defect. In this case, the toroidal structure of
cholesteric droplets can be highly sensitive to changes
at the interface, which will allow the application of
systems with such structures as highly sensitive sen-
sors.
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