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We report experiments on a ferroelectric membrane and droplets with tunable surface properties. In smectic
membranes the configuration of the c-director field near inclusions may be rearranged drastically with tem-
perature. The transformation of the c-director field results from the competition between the elastic and polar
properties of the membranes. We demonstrate that anchoring conditions on the inclusion boundary are not fixed
but depend on the temperature. A dipolar c-director configuration near droplets can evolve to a mixed con-
figuration and to a quadrupolar one. These modifications of the c-director field near the inclusions lead to a
change of the interaction between the inclusions, their self-organization, and even to the destruction of struc-
tures already formed by the inclusions. Our observations open new possibilities for manipulating inclusions

and controlling their self-organization.

DOI: 10.1103/PhysRevE.75.031706

I. INTRODUCTION

Liquid crystals and inclusions may form self-organizing
emulsions with unusual structures and properties [ 1-5]. For-
mation of ordered structures from inclusions occurs due to
unique properties of liquid crystals, namely, the orientational
anisotropy and fluidity. Inclusions deform the field of mo-
lecular ordering of the liquid-crystal medium. The deforma-
tion induced by the inclusions may partially relax via an
appropriate orientation of inclusions and their mutual posi-
tion. This mechanism of interaction and self-organization
leads to the formation of various structures with a fixed dis-
tance between the inclusions and their orientation. Ordered
structures from inclusions were found in nematic [1-5],
smectic [6-12] liquid crystals, the liquid crystal-air interface
[13]. The greatest diversity of different structures was found
in smectic membranes: linear chains [6-10,12], clusters
[7,12], hexagonal [8,9] and square [7-9] two-dimensional
(2D) structures with translational ordering. In membranes 2D
emulsions from droplets can be formed by heating the mem-
brane above the melting temperature of the smectic phase in
the bulk sample.

Membranes of smectic liquid crystals can be prepared
with thickness from two to several thousand layers. The layer
planes are parallel to the free surfaces [14,15]. In the
smectic-C-type liquid crystals every layer is a 2D oriented
liquid with nematic director n tilted with respect to the layer
normal. Projections of n on the layer plane form a 2D field of
molecular ordering or c-director field [16]. The tilted smectic
C phase has a mirror symmetry plane, perpendicular to the
layers and a twofold rotation symmetry axis in the direction
normal to the tilt plane. If the layer normal points along the
Z axis, and the twofold symmetry axis is taken to be the X
axis, then the corresponding symmetry operations are X —
—-X (plane of symmetry) and Y,Z—-Y,-Z (twofold rota-
tion). As a result of the invariance with respect to these trans-
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formations the smectic C structure is also invariant with re-
spect to change of handedness of the XYZ frame, i.e., achiral.
In the case under consideration of the chiral ferroelectric
smectic C* (SmC”) phase, the mirror symmetry is broken.

The long-range interaction between the inclusions [17,18]
originates from the elastic deformation of the c-director in-
duced by the inclusions. Such deformation is associated with
the c-director orientation defined by director anchoring on
the inclusion boundary. The most interesting situation ap-
pears when anchoring conditions (tangential or radial) are
strong. Such inclusions are equivalent to point topological
defects with topological charge S=+1. The conservation of
the topological charge in the system requires that the forma-
tion of inclusions in a defect-free film is accompanied by
nucleation of topological defect(s) with total topological
charge S=-1. It is essential that at the same boundary con-
ditions various types of topological defects, which could be
localized in different places, may exist. It is the localization
of topological defect(s) near the inclusions that mainly deter-
mines the anisotropy, the strength of the interparticle inter-
action, and the assembly of inclusions. In 2D smectic liquid-
crystalline layers, pointlike defects with integer charges are
topologically stable. Half-integer charge defects can exist
only attached to an interface because the c-director is a polar
vector.

Up to now transformation of topological defects and con-
figuration of the director field has been observed only in
nematic liquid crystals (note also the recent publication [19]
reporting on textural transformations in islands on freestand-
ing SmC" films). Transformation of the director field was
detected upon changing the inclusion size [2,20-24]. Near a
small inclusion the symmetry of the director field is quadru-
polar with a ringlike topological defect near the inclusion
(“Saturn ring”). On increasing the inclusion size the Saturn
ring transforms into a point topological defect. The configu-
ration of the director field becomes dipolar. A very recent
paper by Voltz er al. [25] reports a direct observation of the

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevE.75.031706

DOLGANOV et al.

transformation from a point defect (hyperbolic hedgehog) to
a Saturn ring when the size of the gas bubble in the nematic
liquid crystal is decreased by applied pressure. This transfor-
mation was explained from the energetical point of view: the
energy of the linear defect increases with its size and the
Saturn ring becomes unstable with respect to the configura-
tion with the point defect.

In smectic membranes both dipolar [6,10] and quadrupo-
lar [7,8] configurations of the e-director were observed in
different materials. A widely accepted view is that the
c-director configuration and interaction between inclusions is
constant for a given membrane and inclusion.

We present here experimental evidence, and a heuristic
theoretical description for topological transitions between di-
polar, mixed, and quadrupolar symmetry configurations of
the c-director around the droplets. We find a dramatic trans-
formation of the director configuration near inclusions (cho-
lesteric droplets) in SmC* membranes. Up to now, it was
thought that the c-director configuration near the inclusions,
their interaction, and self-organization are determined by the
elasticity of the media. Our results highlight that in ferroelec-
tric membranes the polarity of the membrane is also essential
for the inclusion behavior. The competition between elastic
and polar properties leads to the transformation of the
c-director field, the position of the topological defect(s) on
the inclusion boundary, and even the number of defects and
their strength. These transformations can be controlled by
external conditions, e.g., temperature. The droplet can re-
versibly change the surface orientation of the c-director. The
formation of structures from inclusions, their dissociation,
and the subsequent formation of new structures are observed
along with transformation of the c-director field near inclu-
sions.

II. EXPERIMENTAL SETUP

The experiments were carried out on membranes of chiral
S-4'-nonyloxybiphenyl-4-yl 4-(1-methylheptyloxy)benzoate
(9BSMHOB) and S-4'-undecyloxybiphenyl-4-yl ~ 4-(1-
methylheptyloxy)benzoate (11BSMHOB) [26]. The sub-
stances have the following phase  sequences:
K-(56.8 °C)-SmC™-(104.6C)-N"-(131.4 °C)-I (9BSMHOB)
and K-(56.5 °C)-SmC"-(106.4 °C)-N"-(123.9 °C)-I
(11IBSMHOB). Membranes were prepared by drawing a
small amount of the material in the SmC” state across a
3 mm hole in a glass plate. The droplets and textures of the
membrane were observed with an optical microscope in re-
flection mode. Observations between crossed polarizers
(PRLM) and in depolarized light-reflected microscopy
(DRLM) [27] were performed. Images were taken with a
CCD camera. Cholesteric droplets were created in the mem-
brane by heating the membrane above the bulk SmC*-N"
transition temperature 7. Part of the measurements were
made with membranes in which the c-director was oriented
by the electric field applied in the membrane plane. The elec-
tric field was used to determine the orientation of the droplet-
defect pairs in membranes. Note that the electric field did not
influence the transformation of droplet-defect pairs.
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III. EXPERIMENTAL RESULTS

In smectic membranes the droplets nucleate at certain
temperatures directly related to thinning transition tempera-
tures when the number of smectic layers N in the membrane
decreases [28]. The first droplet nucleation occurs right
above the bulk transition temperature. These droplets are
preserved in the membrane up to the temperature of thinning
transition. The thinning front as a rule drags most of the
droplets and carries them to the membrane meniscus. So af-
ter thinning the membrane remains free from droplets or with
only a small number of them. On further heating in a certain
temperature interval droplets do not nucleate. Nucleation
may occur at temperatures somewhat lower than the tem-
perature of the next thinning transition 7. These droplets
exist within the temperature interval from 7. to 7Ty. Upon
heating the next thinning transition and the next droplet
nucleation can be observed. Notice that the temperature in-
terval of droplet existence increases upon decreasing the
membrane thickness. The droplet formation can be crudely
understood following the well-known fact that across a flat
liquid interface in equilibrium no pressure difference can ex-
ist. This is not true anymore for smectic surface because the
layers are elastic and therefore can support a normal stress
that will equilibrate a pressure difference AP (of course if the
latter one is not too large). In addition to the surface tension
v this pressure difference contributes also to the tension I’
along the smectic membrane

I'=2y+APNd, (1)

where d is the layer thickness. The thickness of smectic
membranes can be modified by nucleation of edge-
dislocation loops (thinning transition decreases I'). Another
possibility is to modify both the material parameters (I" and
) by a surface phase transition (SmC*-N" in our case). If
due to temperature increase the smectic layering disappears,
it cannot support the pressure difference AP anymore and
cholesteric droplets in the membrane can be stabilized in a
certain window of the parameters. Droplets in the mem-
branes nucleate along with point topological defect S=—1 on
the droplet boundary [Fig. 1(a)]. The configuration of the
c-director field is dipolar. At low temperature the orientation
of the c-director on the droplet boundary is planar [29]. The
c-director configuration near the droplet is shown in Fig.
2(a). The polar axis connecting the droplet center and the
defect orients perpendicular to the c-director far field.
Dipole-dipole attraction leads to the formation of chains
from droplets [Fig. 1(b)]. In membranes with the oriented
c-director in all nucleated droplets the defects localize on the
same side of droplets [Fig. 1(c)]. However, this position does
not remain the same with temperature. Below we shall de-
scribe and discuss droplet behavior and the transformation of
the director field when the orientation of the ¢-director on the
droplet boundary remains planar (Sec. IIl A) and changes
from planar to radial (Sec. III B).
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FIG. 1. A droplet-defect pair (a) and a chain of droplets (b) in
9BSMHOB smectic membranes. Accompanying topological defects
localize on the droplet boundary. In the membrane with the oriented
c-director field (c) all defects localize on the same side of the drop-
lets. (d) A smectic island with the planar c-director orientation on
the island boundary. The line in (a) shows the e-director orientation
in the black regions.

A. Transformation of the c-director configuration near
the droplets and chains with conservation of the tangential
anchoring on the droplet boundary

In thick membranes the transformation of the topological
defect on the droplet boundary and the c-director field were
found near 7. Tangential orientation of the c-director on the
inclusion boundary was observed in smectic islands [Fig.
1(d)] and in droplets just above T.. However, the reorienta-
tion of the droplet-defect pair takes place (Fig. 3) at a tem-
perature Ty slightly higher than T (Tx~T+0.2 °C). The
topological defect with charge S=—1 on the droplet boundary
[Fig. 3(a)] splits into two topological defects S=—1/2, which
move in opposite directions along the droplet boundary
[Figs. 3(b) and 3(c)]. During this motion the defects turn the
c-director by 180° on the droplet boundary. The defects join
on the opposite side of the droplet and again form a dipolar
droplet-defect pair with S=—1 topological defect [Fig. 3(d)].
The motion of defects is accompanied by a reorientation of
the c-director near the inclusion. The c-director configura-
tions are shown in Fig. 2 for the droplet before (a), after (c)
the reorientation, and in an intermediate state (b). The force
lines of the c-director field (Fig. 2) have been calculated
using the electromagnetic analogy [17,29]. The droplet-
defect pair is characterized by the topological dipole moment
p=2r,S;, where r; are the positions and S; are the charges of
the physical and virtual topological defects [17]. In the reori-
entation process the dipolar moment of the droplet-defect
pair decreases, reaches zero (the droplet in Fig. 3(c) with
quadrupolar configuration), and then again forms a dipolar
configuration with the opposite direction of the topological
dipole moment. In the membranes oriented by the electric
field the topological dipole at high temperature orients in the
direction of the field. At low temperature the topological di-
pole orients in the direction opposite to the direction of the
electric field. The reorientation is reversible and occurs both
on heating and on cooling.
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FIG. 2. The c-director configuration near a dipolar droplet with
planar boundary conditions (a). The c-director field after the reori-
entation of the defect (c) and during the reorientation (b).

FIG. 3. Reorientation of the c-director field near the inclusion in
thick membranes (N >20). (a) A droplet with dipolar configuration
of the c-director field, 7=106.4 °C. The membrane was heated
[(b)~(d)]. The point topological defect S=-1 splits in two S=
—1/2 defects (b) which move along the inclusion boundary and join
on the other side of the inclusion forming again a topological defect
with S=—1, T=106.6 °C (d). During reorientation the c¢-director
field passes through the quadrupolar configuration (c) (PRLM,
11BSMHOB).
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FIG. 4. Rearrangement of the c-director field near the droplets
leads to the detachment of chains and the subsequent self-
organization of droplets in new chains. (a) A chain and a single
droplet in the membrane, T=104.7 °C. (b) At heating the c-director
near the single droplet is reoriented [the right droplet in (a) and (b)].
The chain is broken and two right and three left droplets from the
chain (a) coalesce forming two larger droplets [the left two droplets
in (b)]. The interaction between the droplets with the new c¢-director
configuration leads to the formation of a new chain, 7=105 °C (c)
(DRLM, 9BSMHOB).

The reorientation of director configuration leads to a dra-
matic change of the collective behavior of inclusions (Fig.
4). Figure 4(a) shows an individual droplet and a chain
formed by five droplets at low temperature. On heating to the
temperature Ty [Fig. 4(b)] the reorientation of the c-director
occurs not only around the individual droplet but also in the
chain. In Fig. 4(b), the topological defects are already lo-
cated on the opposite side of the droplets with respect to Fig.
4(a). During the reorientation the chain is destroyed, more-
over, some droplets coalesce. The left droplet in Fig. 4(b)
was formed from three left droplets of the chain in Fig. 4(a);
the central droplet was formed by two right droplets from the
chain in Fig. 4(a). The destruction of chains and the coales-
cence of droplets occur when surface S=—1 defects split into
S§=-1/2 defects and they move on the droplet boundary [Fig.
2(b)]. During such motion on the droplet boundary the short-
range repulsion of droplets decreases, so they can approach
each other and coalesce. After the formation of the new
c-director configuration the attractive interaction organizes
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FIG. 5. The configuration of the c-director field near droplets
and chains in membranes with N <20 essentially depends on tem-
perature. At low temperature (7=104.8 °C) the dipolar configura-
tion with a single boundary defect S=—1 is stable (a). At heating the
topological defect S=—1 splits into two defects S=-1/2, T
=105.1 °C (b). These defects localize on the opposite side of the
droplet with respect to the initial state (a). After c-director reorien-
tation three droplets [the chain in (a)] formed a new chain (b) but
now with two topological defects (S=—1/2) on the boundary of
each droplet. Further heating leads to increasing the distance be-
tween S=-1/2 defects, T=105.4 °C (c). For a large distance be-
tween the defects, the chains become unstable. At 7=105.5 °C the
droplet-defect pairs become dipolar (d) with a radial orientation of
the c-director on the droplet boundary. The line in (b) indicates the
c-director orientation in black regions. The photos were taken in
DRLM (9BSMHOB).

new chains from droplets [Fig. 4(c)]. The formation of
chains and their destruction may be repeated by successive
heating and cooling of the membrane above and below T%.
Modifications of droplet and chain behavior were ob-
served with decreasing membrane thickness. The main
changes in the membranes thinner than 20 smectic layers are
the following: (a) c-director reorientation near the droplets
occurs in a certain temperature interval ATy; (b) this interval
ATy increases and slightly shifts to higher temperature with
decreasing membrane thickness; (c) a configuration with two
surface S=-1/2 topological defects [Fig. 2(b)] becomes
stable, and the location of the S=—1/2 defects on the droplet
boundary can be regulated by temperature variations. Figure
5 illustrates the droplet and chain behavior in a membrane
with thickness about 17 smectic layers. At low temperature
the dipolar c-director configuration is observed near the
droplets and chains [Fig. 5(a)]. Reorientation of the
c-director field starts with splitting of the surface S=-1 de-
fect in two S=-1/2 defects. They further move in opposite
directions (clockwise and counterclockwise) along the drop-
let boundary. However, the surface defects S=—1/2 do not
adjoin forming the S=-1 defect on the opposite side of the
droplet. The defects S=—1/2 remain localized on a certain
distance from each other [Fig. 5(b)]. This intermediate con-
figuration between pure dipolar and quadrupolar ones with a
well-defined distance between defects is stable at constant
temperature. In chains the splitting of S=—1 surface defects
is similar to the splitting near individual droplets [Fig. 5(b)].
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FIG. 6. A dipolar droplet with radial c-director orientation on
the boundary of the droplet (a) and the schematic representation of
the c-director field near the droplet (b). The dipole axis of the drop-
let orients parallel to the far-field c-director. The orientation of the
c-director in black regions is vertical [the line in (a)] (DRLM,
9BSMHOB, 7=106.9 °C).

Note that in the process of the c-director reorientation, the
chains first disintegrate and then adjoin again. On further
heating, the distance between surface defects may increase
[Fig. 5(c)]. Modification of the location of S=—1/2 defects
occurs in a temperature interval AT;~0.5 °C. The angle
between S=-1/2 defects becomes smaller in thinner mem-
branes.

In summary, the reorientation described in this subsection
is characterized by the following features: S=—1 topological
defect splits into two S=-1/2 defects. They move along the
droplet boundary and reorient the c-director by 180°. Surface
orientation of the c-director remains planar. The complex
transformation of the c-director configuration is reversible
and is observed both on heating and on cooling.

B. Transition from planar to radial orientation
of the c-director on the droplet boundary

The transformation of droplets with accompanying de-
fects continues at high temperature and leads to the forma-
tion of dipolar or quadrupolar configurations with radial an-
choring. Droplets in Fig. 5(d) have radial c-director
orientation on the droplet boundary. This orientation was
formed from planar orientation [Fig. 5(c)] by a 90° rotation
of the c-director on the droplet boundary. The texture and
configuration of the c-director field near a dipolar droplet
with radial anchoring are shown in Figs. 6(a) and 6(b). In the
employed geometry of DRLM the c-director orientation in
black regions is vertical. The dipole axis of the droplets ori-
ents parallel to the c-director far field. The droplets attract
and form chains, which also orient parallel to the far-field
c-director. We are Reminded that at low temperature the
droplets and chains with planar anchoring orient perpendicu-
lar to the far-field c-director (Figs. 1 and 2). We will discuss
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FIG. 7. Formation of quadrupolar configuration near the drop-
lets in 9BSMHOB membranes. (a) The mixed configuration with
two topological defects A| and A, (S=-1/2), T=105.6 °C. (b) The
quadrupolar configuration with two B; and B, defects (S=—1/2) on
the opposite sides of the droplet, 7=105.9 °C. The transition from
the mixed to the quadrupolar configuration occurs at 7=105.8 °C:
each of A| and A, defects (a) splits in two S=—1/4 defects, which
move along the droplet boundary in opposite directions and adjoin-
ing form a quadrupolar structure with two S=—1/2 defects (B; and
B,) on the opposite sides of the droplet. (c) An intermediate state
(T=105.8 °C): two S=-1/4 defects already joined to form an S=
—1/2 defect (B;), but two other defects with S=—1/4 (shown by the
dotted arrows, C; and C,) continue to move along the droplet
boundary. Lines show the c-director orientation in the black (a,b)
and bright (c) regions of the photos (DRLM). A schematic repre-
sentation of the c-director field in the quadrupolar configuration (d)
with two S=-1/2 defects and in the intermediate state (¢) with one
S=-1/2 topological defect (B;) and two S=-1/4 topological de-
fects (Cy and C,). A schematic representation of the c-director field
near the S=-1/4 topological defect on an enlarged scale (f).

in detail the formation of radial surface orientation for the
case of quadrupolar configuration (Fig. 7). As pointed out in
Sec. III A, the dipolar configuration transforms into a con-
figuration with two S=-1/2 topological defects [A; and A,
in Fig. 7(a)]. Further heating induces the transformation of
topological defects and the c-director field never observed
earlier: each S=—1/2 defect splits into two S=—1/4 defects
that move in opposite directions along the droplet boundary.
Two of the four S=—1/4 defects born by A; and A, defects
merge into a new S=-1/2 defect denoted B;. Two other S
=—1/4 defects adjoin on the opposite side of the droplet
forming the B, defect with S=—1/2 [Fig. 7(b)]. So, a qua-
drupolar configuration with two S=-1/2 topological defects
is formed. The motion of the S=-1/4 topological defects
turns the c-director by 90° on the droplet boundary. In the
quadrupolar configuration the orientation of the c¢-director on
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the droplet boundary is radial [Fig. 7(d)]. Figure 7(c) shows
the intermediate state when two S=-1/4 defects have al-
ready joined in the B, (S=-1/2) defect, but two other S
=—1/4 defects (C, and C,) still move to the opposite side of
the droplet. A schematic representation of the c-director con-
figuration near the droplet with one S=-1/2 topological de-
fect and two S=-1/4 topological defects is shown in Fig.
7(e). In Fig. 7(f), we show the S=—1/4 defect on an enlarged
scale. The boundary condition is radial on one side from the
S=-1/4 defect and tangential on the other side from the S
=—1/4 defect. The final configuration [Fig. 7(b)] is quadru-
polar with a texture near the droplet typical for the quadru-
polar configuration. Chains disjointed during the reorienta-
tion of the c-director field form again under the influence of
the quadrupole-quadrupole interparticle interaction.

When the dipolar structure with radial anchoring is
formed [Figs. 5(d) and 6] only one of the two S=—1/2 de-
fects [Fig. 5(c)] splits in two S=—1/4 defects. They move
along the droplet boundary in opposite directions and form a
dipolar structure with radial orientation of the c-director on
the droplet boundary. The transformation of the topological
defects and the c-director field is reversible, i.e., under cool-
ing the quadrupolar and dipolar droplets with radial
c-director orientation transform to dipolar droplets with pla-
nar orientation on the inclusion boundary.

Upon heating above the bulk transition temperature 7 the
thinning transitions in membranes take place [28]. At thin-
ning the director orientation on the inclusion boundary
changes back from radial to planar. This is in accordance
with general membrane behavior since in membranes struc-
tural transitions are shifted to high temperatures with de-
creasing membrane thickness [15]. The reorientation of the
c-director on the inclusion boundary is also shifted to higher
temperatures in thinner membranes. Transformations of the
c-director orientation at thinning as well as thinning transi-
tions themselves are irreversible. After thinning at further
heating the c-director reorientation again takes place and the
boundary conditions become radial. We observed radial ori-
entation of the c-director in membranes thicker than nine
layers. In thinner membranes the transition to radial orienta-
tion was not observed.

IV. DISCUSSION

Our experiments show that individual and collective be-
havior of inclusions in liquid-crystal media is essentially
more complex than presumed earlier. The existing theories
should be modified considerably not only for the quantitative
but even for a qualitative description of the observed phe-
nomena. Complete theoretical understanding of the phase be-
havior and all observed topological phase transitions is far
from a simple task owing to the many relevant degrees of
freedom determining the behavior, inherent to all liquid crys-
tals anisotropic and intrinsically nonlinear elasticity, the ex-
istence of widely different length scales. These factors make
the problem very difficult to treat even numerically. In our
paper we shall touch neither of these tricky issues, guided by
the prejudice that simple qualitative questions should be ad-
dressed first. Thus in this section we shall only note possible
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reasons for the unusual behavior of the inclusions, surface
topological defects, and reorientation of the director field.

A stable configuration of the c-director field corresponds
to the minimum of the free energy of the membrane with
given boundary conditions on the inclusion surface. Usually
the free-energy density is taken in the form of quadratic elas-
tic energy of 2D c-director field

1 1
Fgp= EKS(V ce)2+ EKB(V X ¢)?. (2)

On the phenomenological level anchoring energy can be de-
scribed by two basic parameters: the easy-axis direction e,
and the anchoring potential strength W. For our case (ferro-
electric SmC" membranes) the surface energy can be written
as

Fy=Fg(¢), (3)

where ¢ is the angle of c-director orientation on the droplet
boundary. To be specific, we take ¢=0 for tangential
c-director orientation. For ferroelectric membranes, besides
two quadratic gradient elastic terms (1) additional terms in
the free energy F should be introduced.

F3=FS+FB+FE+FL' (4)

Two terms Fg and Fp linear over the derivatives of ¢ have
different physical origin. The second term

FpoxNg[V X ¢], (5)
arises from chirality [30-34]. The Fg term
Fsoc \g(V-¢) (6)

should exist even in nonchiral membranes because in films ¢
is a true vector and V-¢ is a scalar [35]. Note that if the
magnitude of the molecular tilt is uniform, with the result
that the projection ¢ has constant length (i.e., |c|), then the Fg
term (5) is a total derivative that can be reduced to a line
integral around the inclusion perimeter. Therefore the Fp
contribution in this case can be absorbed into the definition
of the inclusion anchoring energy F, (3). In polar membranes
splay of polarization (bend in elastic distortion) gives rise to
space charges and electric contribution F to the free energy
[14,36]. Due to this term, in ferroelectric membranes drop-
lets interact not only through topological but also electric
charges [29]. F; is the standard Landau expansion of the free
energy in powers of ¢,

1 1 1
FL=5a|c|2+Zb|c|4+ gd|c|6+h-c, (7)

where h is the parameter representing the strength of the
anisotropic field associated with molecular tilt. For ferroelec-
tric systems with a polar vector order parameter p with a
number of components n>1 the Landau free-energy expan-
sion over this order parameter, besides the conventional
terms (which are similar to those in Eq. (7) up to replace-
ment ¢—p) a new third-order term is allowed, which is chi-
ral by its nature [like the Fj energy (5)]
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Fax[p*V -p-(p-V)pl. (8)

Note that symmetry under time reversal would always result
in such a term vanishing in a magnetic system, and in addi-
tion it will vanish in a centrosymmetric system. Change of
the modulus of ¢ in membranes may be essential in our case
since we performed most of the experiments at high tempera-
ture 7> T,. Note also that A\ depends on |c|?, which couples
variations of modulus ¢ with variations in the c-director ori-
entation.

Tangential orientation of the c-director on the boundary of
smectic islands and droplets is observed at low temperature.
We may guess that Fgz (¢) dominates and has a minimum at
¢=0. So, reconstruction of the c-director field described in
Sec. III A is due to the change of the other terms with tem-
perature. The linear over gradients terms (5), (6), and (8)
favor only one direction of c-field rotation. Depending on the
signs of Az and Ay it may be either clockwise or counter-
clockwise tangential rotation of the c-director (A term), in-
ward or outward c-director rotation near the droplets (g
term) [37].

Competition of Fg and Fp terms in the free energy selects
the direction of c¢-field rotation near the inclusion. Above T
the profile of the order parameter across the membrane be-
comes essentially inhomogeneous. This leads to a sufficient
increase of the Ag term in the free energy. The favorable
direction of ¢ rotation may change with temperature due to
the change of the relative contribution in the energy Fp and
F terms above T and the corresponding contribution of the
electrostatic energy Fp.

At low temperature the Fgz(¢) term dictates the e-director
reconstruction with conservation of planar ¢-director orienta-
tion on the droplet boundary. However, contrary to the
Fr(¢) term, the elastic and electrostatic Fy terms favor ra-
dial orientation of the c-director. In ferroelectric membranes
Kp> Ky [36], so the elastic energy near the droplet is mini-
mal for radial orientation. Moreover, the radial orientation
(splay deformation of the c-director) does not give rise to
space charges. In our opinion the competition between the
surface Fgp(¢) term and the elastic and electrostatic terms
leads to the formation of radial surface orientation at high
temperature.

The overall treatment above can be generalized to more
realistic models, with the same conceptual ingredients, albeit
at the expense of a rapidly increasing complexity. For in-
stance, the interaction between inclusions and defect struc-
tures require more specific and detailed investigation. In-
deed, any object injected into the liquid-crystal film produces
in the liquid-crystal medium distortions whose dimensions
considerably exceed its own size. Another injected inclusion
if it enters the distorted region will interact effectively with
the first one. What is relevant is that this interaction is long
ranged and noncentral, and has both attractive and repulsive
parts depending on mutual positions and orientations of the
inclusions. The isotropic forces should cause hexagonal or-
dering, while, for example, for the dipolar symmetry the at-
traction forms chainlike structures. If the director field is
uniform far from the particle, the total topological charge of
the whole system is zero. Thus topological considerations
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imply that for sufficiently strong anchoring an additional de-
fect (or defects depending on the topological charges) must
be created in the liquid-crystal medium. In this case the
c-director orientation field becomes singular and within a
small region [/ around the defect the module of the order
parameter vanishes. The core energy of the defect arises
from this small region. One can use a simple ansatz for the
order parameter module profile

c= ceq[l —exp(=r/D)], 9)

where c,, is the modulus of the order parameter |c| far from
the defect. Introducing this trial function into the free-energy
expansion (4) and minimizing over / one can estimate the
variational parameter /, which is proportional to the SmC
ordering correlation length &,

oS

£, (10)

where S is the defect charge. If / is smaller than the other
characteristic lengths of the system, one can safely use the
continuous energy expansion (4) to compare the energies of
various configurations. However, the energy is well defined
outside the core region only, and the total free energy should
be estimated by adding to it the core energy, which scales as

FcoreocSZK' (11)

As a result of the attractive component of the interactions,
defects aggregate around the inclusions. They can be aggre-
gated either on the inclusion surface or at a certain small but
finite distance from the surface.

V. CONCLUSION

Up to now, in smectic membranes different configurations
of the c-director field were observed: dipolar, quadrupolar,
and mixed. It was presumed that the configuration of the
c-director field is constant for a given liquid-crystal com-
pound and inclusion. Our study shows that in polar mem-
branes the c-director configuration is strongly temperature
dependent resulting from the rearrangement of the topologi-
cal defects on the droplet boundary. The number and strength
of defects may change with temperature.

(i) The splitting of the —1 defect into two —1/2 defects
and their motion along the droplet boundary change the tan-
gential orientation of the c-director by an angle . After
director reorientation the defects recombine again into a —1
defect.

(ii) The transition between tangential and radial orienta-
tion results from splitting of —1/2 defects into four —1/4
defects, their motion on droplet boundary, and recombination
into a pair of —1/2 defects.

(iii) The collective behavior of droplets changes signifi-
cantly with c-director reorientation. The experimental condi-
tions leading to reorientation effects are well reproduced.

Our results can be used also in another way, as a tech-
nique to estimate the surface anchoring strength. This esti-
mation of the anchoring energy is related to the development
of theory describing the present results. Our observations
open the way for manipulation of both isolated inclusions
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and structures formed by inclusions.

The unusual behavior of surface topological defects and
the c-director field is not described by existing theories. They
are based mainly on quadratic elasticity of the liquid-crystal
media and do not account for peculiarities of polar liquid
crystals. Further experimental and theoretical studies are nec-
essary for revealing the nature of the observed phenomena.
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