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Droplets in smectic free-standing films interact due to elastic distortion of the c-director field and formation
of topological defects. Our experiments show that chirality of the liquid-crystal medium plays a key role in the
interaction between droplets. We find that the configuration of the c-director field near the droplets and the
position of the topological defects on the droplet boundary depend on droplet size and film polarity. An
intermediate c-director configuration between dipolar and quadrupolar is formed near droplets in smectic films
due to the competition between elasticity and chirality. We observed that the distance between droplets in
self-organized structures depends on the position of defects on the droplet boundary and significantly changes
with respect to that for dipolar droplets. Our results open the way to modify the droplet interaction and the
structures formed by droplets.
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Self-organization of inclusions in liquid-crystal media and
formation of different structures from inclusions are subjects
of intensive investigations �1–13�. In recent years, a non-
trivial collective behavior of droplets was found in smectic
free-standing films �5,6,9–11,13�. The droplets form chains,
clusters, and two-dimensional ordered structures
�5,6,9–11,13�. The mechanism of interaction between drop-
lets is related to the elastic distortion of the liquid-crystal
medium �1–3�. In free-standing films the molecular layers
are parallel to the free surfaces. In nonpolar smectic-C
�SmC� and ferroelectric smectic-C* �SmC*� phases, the long
axes of molecules are tilted by a polar angle � with respect to
the layer normal. The in-plane molecular ordering is de-
scribed by the projection of the long axes of the molecules
onto the layer plane, or the so-called c-director field �14�.
Most investigations of self-organization of inclusions in free-
standing films were made with nematic �N�, cholesteric �N*�,
and isotropic �I� droplets as inclusions. Tangential or normal
anchoring of molecules on the droplet boundary leads to
elastic deformation of the c-director field and formation of
topological defect�s� on the droplet boundary.

Until recently, most theoretical and experimental investi-
gations were made for dipolar and quadrupolar inclusions.
However, theory predicts that chirality can essentially
modify the position of topological defects on the droplet
boundary and lead to a mixed c-director configuration near
the droplets �15,16�.

We find in ferroelectric films a nontrivial dependence of
the topological defect position and droplet interaction on
droplet size and film polarity. The droplet interaction and the
distance between droplets in self-organized structures depend
on the position of defects on the droplet boundary and can be
sufficiently changed. Our model of the droplet takes into
account the structure of the meniscus and the surface layers
of the droplet. The experimental results are explained by the
competition between quadratic and linear elasticity of the
film, meniscus, and surface layers in the droplets.

The experiments were carried out on films of chiral
4�-undecyloxybiphenyl-4-yl 4-�1-methylheptyloxy�benzoate

�11BSMHOB� �17�, racemic 11BSMHOB, and mixtures of
chiral and racemic 11BSMHOB. The latter enabled us to
perform the measurements in films with different values of
polarization and chirality. The sequence of phase transitions

in the bulk sample was SmC* ↔
108.2 °C

N* ↔
123.9 °C

I in chiral

11BSMHOB isomer and SmC ↔
108.3 °C

N ↔
124 °C

I in the racemate.

The electric polarization of the chiral isomer is 40 nC /cm2

�17�. Films were prepared by drawing the liquid crystal in
the smectic state across a 4-mm hole in a thin glass plate.
Observations were performed in depolarized reflected light
microscopy �18� and between crossed polarizers. The images
of the droplets and textures in the films were taken with a
charge-coupled device camera.

Cholesteric or nematic droplets nucleate with tangential
anchoring of the c director at the droplet boundary at the
temperature Td near the bulk SmC*-N* �or SmC-N� phase
transition temperature TC. The droplet structure depends on
temperature. It is known that smectic layers exist near the
droplet surface �19–21�. The smectic ordering penetrates into
the droplet on the distance of the smectic correlation length
�. At high temperature �T�Td� � is small, ��L /2, where L
is the film thickness. On cooling below Td the correlation
length � may become larger than L /2.

Figure 1 shows photographs of droplets in films with dif-
ferent polarization. In a film with high chirality �Fig. 1�a�,
the chiral isomer� the droplets nucleate with one topological
defect. The c-director field near the droplets has dipolar sym-
metry �Fig. 1�d��. A defect with topological charge S=−1
localizes on the droplet boundary. In a nonpolar film �Fig.
1�c�, racemate, nonchiral film� droplets nucleate with two
S=−1 /2 topological defects on the opposite sides of the
droplets and with quadrupolar symmetry of the c-director
field �Fig. 1�f��. We found a transition from dipolar to qua-
drupolar configuration on decreasing the polarity of the film
and changing the droplet size. Figure 1�b� shows a droplet in
the film with polarization 4 nC /cm2. The transition occurs
via the formation of an intermediate configuration with two
S=−1 /2 topological defects �Figs. 1�b� and 1�e��. Figure 2
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shows the dependence of the defect angle � between two
surface defects seen from the droplet center versus the drop-
let radius R. The defect angle increases for smaller droplets.
In polar films we found quadrupolar droplets at the critical
droplet size RC�7 �m. Increase and decrease of R with re-
spect to RC leads to increase of the dipolar component in the
c-director configuration near the droplet.

Elastic distortion of the c-director field due to quadratic
elasticity leads to repulsion between topological defects of
the same sign. This is the reason why in nonchiral films two
S=−1 /2 defects are located at the maximum distance from
each other, i.e., on the opposite sides of the droplet �quadru-
polar configuration, �=180°, Figs. 1�c� and 1�f��. In ferro-
electric films attraction between topological defects appears
due to the chirality �11�. As a result, in films with high chiral-

ity the energetically favorable configuration may be the di-
polar configuration with one S=−1 defect ��=0, Figs. 1�a�
and 1�d��. The competition between the quadratic elasticity
of the film and chirality was first studied numerically by
Bohley and Stannarius �15�. They showed that this competi-
tion may lead to an intermediate position of the topological
defects on the droplet boundary �0���180° �. Later,
Fukuda found an analytical relation between the defect angle
�, droplet size, and chirality, tan � /2=� /2�R �16�, where �
is the strength of spontaneous bend �15�. Both calculations
�15,16� give a similar dependence of the defect angle on R
and � for the case of uniform c-director orientation at infin-
ity. Our experimental results for small droplets �Fig. 2� are
not described by the model �15,16�. According to theory
�15,16�, the quadrupolar configuration should be observed in
the limit R→0. In our experiment, the quadrupolar configu-
ration ��=180° � was found for droplets with finite size
RC�7 �m. As follows from theory the largest defect angle
should be �=180°. Meanwhile, we observed droplets with
��180° for R�RC �Fig. 2�.

We explain nontrivial droplet behavior �Fig. 2� by a more
complex structure of the droplet than the model of inclusion
proposed in Refs. �15,16�. We take into account the surface
ordering �19� in the droplet and the structure of the interface
�meniscus� between the droplet and the film. The resolution
of our optical microscope does not allow observation of the
fine structure of the meniscus at high temperature when the
size of the meniscus is small. In order to understand the key
role of the meniscus and surface smectic ordering in the
droplet for the configuration of the c-director field and the
interparticle interaction, we consider a droplet at low tem-
perature �Fig. 3�.

On cooling to TC the meniscus grows and forms a smectic
wedge interface of larger thickness than the film �10�. Figure
3 shows such an interface around the cholesteric droplet.
Now the characteristic structure inside the interface between
the droplet and the film can be optically resolved. In Fig. 3
two S=−1 /2 topological defects are located on the outer
boundary of the wedge. Inside the wedge S=−1 /2 defects
are replaced by two � walls �10� �dark lines in Fig. 3�. The

FIG. 1. Droplets in smectic films. �a� A dipolar droplet with an
S=−1 defect in a film with large polarization �40 nC /cm2�. �b� A
droplet with intermediate configuration of the c-director field �film
with polarization 4 nC /cm2�. �c� Quadrupolar droplets with
S=−1 /2 topological defects on the opposite sides of the droplet
�nonpolar film, �=180°�. The photographs were taken in depolar-
ized reflected light microscopy �a�, �b� and between crossed polar-
izers �c�. The orientation of the polarizer �P� and the analyzer �A� is
shown in each frame. �d�, �e�, �f� show schematic representations of
the c-director field near the droplets.

FIG. 2. Solid circles show the dependence of the defect
angle � on droplet size R. The solid line is a fit using the Eq. �4�
with H�Lm−2�� / �L−2��=7 �m, ��L−2�� / �L+Ld�=0.5 �m−1.
T=Td+0.2 °C. The measurements were made on films with polar-
ization 4 nC /cm2.

FIG. 3. A cholesteric droplet with a smectic wedge interface in
a ferroelectric film. The two dark lines in the wedge are � walls.
The photograph was taken in depolarized reflected light micros-
copy; the orientation of the polarizer �P� and the analyzer �A� is
shown in the figure. T=108.2 °C. The film was prepared from a
mixture of chiral isomer �10 wt % � and racemate. The electric po-
larization of the film was 4 nC /cm2.
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ring borders impose tangential anchoring on the c director in
the wedge and in the surface smectic layers of the droplet.
The c director rotates by � across the � walls. If the wedge
size does not significantly exceed the droplet size, the �
walls are oriented nearly in the radial direction. We use these
observations to develop a model that describes our experi-
mental results quantitatively.

In chiral SmC* films the free energy F of the system
includes the energies of quadratic Fq and linear Fl elasticity
F=Fq+Fl �22–24�,

Fq =
1

2
K� ��� · c�2 + �� 	 c�2�dx dy dz , �1�

Fl =
1

2
K� �� · �� 	 c��zdx dy dz . �2�

We assume equal splay �KS� and bend �KB� curvature elastic
constants �KB=KS=K�. The elastic constant � depends on the
chirality of the sample.

A schematic representation of the droplet with meniscus is
shown in Fig. 4. The free energy Fl is a total derivative and
can be expressed as an integral over the boundaries of the
film, the meniscus, and the droplet, Fl=

1
2K��
c ·dld z, where

vector dl is parallel to the boundaries of the droplet and the
meniscus, 
=
1+
2+
3+
4 �Fig. 4�. 
1 and 
2 are the
outer and inner contours over the boundary between the film
and the meniscus; 
3 and 
4 are the outer and inner contours
of the droplet. Different thicknesses of the smectic on the
two sides of the boundaries between the film and the menis-
cus and between the meniscus and the droplet lead to a non-
zero value Fl after integration over the inner and outer con-
tours. We consider the case of uniform orientation of the c
director at infinity, i.e., the integral over the outer boundary
of the film is independent of � �15,16�. After integration over

 and z, we obtain

Fl = K���RL − HLm� − 2��R − H���� − �� , �3�

where R is the radius of the droplet with the meniscus, Lm is
the thickness of the meniscus, and H is its width. In reality
the thickness of the meniscus is not constant. For simplicity
we assume the meniscus to be steplike �Fig. 4�. Lm stands for
the average thickness of the meniscus. The presence of the
surface smectic layers and the meniscus leads to a more com-
plex expression of Fl with respect to previous models �16�.
In our model we do not take into account the linear elasticity
of the cholesteric phase inside the droplet, since �=0 for the
cholesteric phase. The linear elasticity describing the choles-
teric twist does not depend on � in our model of the droplet.

The energy of quadratic elasticity Fq consists of three
terms, Fq=Fq

f +Fq
m+Fq

d, which describe the energy of the film
Fq

f , the meniscus Fq
m, and the droplet Fq

d. Since the c-director
orientation is circular both inside and outside the angle �, Fq

m

does not depend on the position of the � walls, that is, on �.
The energy Fq

f has the form Fq
f =−�KL ln sin�� /2� �16�. The

surface smectic layers orient the molecules of the cholesteric
phase inside the droplets. The elastic constant for the choles-
teric is approximately the same as for smectic, so
Fq

d=−�KLdln sin�� /2�, where Ld is the average droplet
thickness. Taking Fl from �3�, the minimization of the total
free energy F=Fq+Fl gives

tan
�

2
=

��L + Ld�
2��R�L − 2�� − H�Lm − 2���

. �4�

The experimental data are well fitted by Eq. �4� with
H�Lm−2�� / �L−2��=7 �m, ��L−2�� / �L+Ld�=0.5 �m−1

�the solid curve in Fig. 2�. So the meniscus and the surface
layers of the droplet play a key role in the position of the
topological defects. Due to chirality the energy of the c di-
rector and �4� are not symmetric with respect to the quadru-
polar configuration ��=180° �.

We have so far considered the change of the defect angle
� with droplet size. However, according to our model the

FIG. 4. Schematic representation of the droplet with meniscus in
a smectic film. L and Lm are, respectively, the thickness of the film
and of the meniscus, and H is the width of the meniscus. � is the
surface smectic correlation length. Solid points in �b� show the
−1 /2 topological defects on the outer meniscus boundary and on
the inner droplet boundary. The two solid lines are � walls.

FIG. 5. At low temperature the droplets in a film with high
chirality are dipolar �a�. On heating the distance between defects
increases, T=Td+0.4 °C �b�. The increase of the defect angle in the
droplets leads to decrease of the distance between droplets. The
photograph was taken in depolarized reflected light microscopy; the
orientation of the polarizer �P� and the analyzer �A� is shown in �b�.
Polarization of the film was 40 nC /cm2.
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defect angle � depends also on �. We found that above the
bulk transition temperature the defect angle depends on tem-
perature �Figs. 5�a� and 5�b�, the left droplet�. By changing
temperature, the defect angle could be changed from �=0 to
�=360°. In our opinion, this change of � is related to the
change of �. It is known that the surface correlation length
decreases with increasing temperature, which should lead ac-
cording to �4� to a change of �.

The interaction of the droplets at both large and small
distances depends on �. At large distance, the interaction
between droplets is determined by the topological dipole mo-
ment �2� of the droplet and defects. Its value, 2R cos�� /2�,
decreases with increasing � and changes sign at �=�. Figure
5 �two right droplets� demonstrates the change of the inter-
action between droplets at small distance. The distance be-
tween droplet boundaries in a chain decreases with increas-
ing defect separation �Fig. 5�. With changing temperature the
distance between droplets in chains changes by a factor of
more than 3.

In summary, chirality plays an important role in interac-
tion and self-organization of inclusions in liquid crystals. In
smectic films the interaction and the distance between drop-
lets in self-organized structures change drastically with
chirality and droplet size. By preparing the SmC* films with
different chirality, we observed a transition between dipolar
and quadrupolar droplets. The competition between qua-
dratic elasticity of the film and chirality leads to formation of
intermediate configurations of the c-director field between
dipolar and quadrupolar. The possibility of changing the de-
fect angle between topological defects opens the way for
manipulating the structures formed by inclusions in polar
films.
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