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The influence of polarity on orientational elasticity and on structures formed in the director field is studied in
free-standing smectic films. Periodic stripe patterns and 27-walls in a magnetic field are investigated. Mea-
surements are performed on a nonpolar racemic mixture, on an optically pure ferroelectric compound, and in
mixtures with different concentrations of the chiral isomers of opposite signs. The structure of periodic stripes
changes drastically with the polarity of the film. The ratio of the bend Kg and splay Ks elastic constants
for smectic films is determined as a function of polarization from the structure of periodic stripe patterns and
2m-walls. We find that the elastic anisotropy Kp/Ks increases essentially with increasing the polarity of the
film. Changes of the elasticity and the structure of periodic stripes are explained by polarization charge effects.
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1. INTRODUCTION

Orientational elasticity of ferroelectric liquid crys-
tals [1] may differ essentially from elasticity of nonpo-
lar materials. Splay of polarization gives rise to po-
larization charges [2], whose long-range self-interaction
makes an additional contribution to the free energy.
This electrostatic energy can be of the order of or even
larger than the purely elastic energy and essentially
influences the structure and elastic properties of fer-
roelectric liquid crystals. Nontrivial elasticity of polar
liquid crystals has been investigated mostly using the
light-scattering method [2-8] and via studies of line and
point topological defects [8-15]. Renormalization of
the elastic constants was found in light-scattering mea-
surements of the Goldstone mode in ferroelectric liquid
crystals [6, 7]. This result is supported by observations
of different structure of point defects and spiral pat-
terns in polar and nonpolar films [13-15]. But in spite
of a long history of studies, the influence of polariza-
tion charges on elasticity is not completely understood.

“E-mail: pauldol@issp.ac.ru
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Measurements of elastic properties in smectics are more
difficult than in nematics due to the layer structure of
the smectic phase and the dependence of the elastic-
ity on polarity. Two-dimensional (2D) elasticity of the
c-director in smectics is described by the bend (Kp)
and splay (Kg) elastic constants [2]. For a qualitative
description of the elastic properties, the one-constant
approximation Kg = Kg is sometimes used. This ap-
proximation simplifies the analysis, but it is generally
not justified by experiments in both polar and non-
polar smectics [2,3,8,12,15-17]: Kp may essentially
differ from Kg and the elastic anisotropy Kp/Kg de-
pends strongly on polarity. Renormalized by polariza-
tion charges, K g is sometimes named the effective bend
elastic constant. Investigations of the influence of po-
larity on elasticity are important both for fundamental
physics and for potential applications of ferroelectrics.
In particular, it has been demonstrated that polariza-
tion charges and the associated electric fields determine
the orientation of molecules in liquid crystal cells and
the electro-optic response [18].

Our investigations are performed with nonpolar and
polar free-standing smectic films [19]. In the nonpolar
Smectic-C' (SmC') phase, the long molecular axes are
tilted with respect to the layer normal z by the polar
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Fig. 1. Schematic representation of (a) SmC geometry,
(b) a smectic film and (b,c) the geometry of measure-
ments. n is the average orientation of the long molec-
ular axes, € the tilt angle, ¢ the projection of n onto
the layer plane, and ¢ the azimuthal angle. The bars in
(b) schematically show the liquid crystal molecules in
smectic layers. Magnets (M) are located on two sides
of the film. A magnetic field H is applied in the 2z
plane at an angle « to the film plane (b,¢)

angle 6 (Fig. 1a). The films are formed by molecular
layers parallel to the free surfaces (Fig. 1b). In the
plane of the film, orientation of the molecules is de-
scribed by the azimuthal angle ¢ or by the projection of
the long molecular axes onto the zy plane, the so-called
c-director [1]. In the polar Smectic-C* (SmC*) phase,
the polarization vector P lies in the smectic plane, lo-
cally normal to the c-director.

To study the relation between elastic properties and
polarization, Lee et al. [8] measured the elastic con-
stants in mixtures of two SmC™* compounds with dif-
ferent spontaneous polarization. To avoid effects of the
molecular structure on elasticity, we performed studies
using mixtures of two chiral enantiomers of the same

compound. We were able to vary the polarization of
the medium by changing the enantiomer concentration
and to directly study the dependence of the elasticity
on polarization. Orientation elastic constants in polar
and nonpolar films were determined from studies of pe-
riodic stripe structures and 27-walls in a magnetic field.
Periodic stripe structures differ drastically in nonpolar
and polar films. Based of these observations, we found
that the elastic anisotropy Kp/Kg increases with in-
creasing polarization. In nonpolar films, the values of
the bend K and splay Kg elastic constants are deter-
mined by the intermolecular interaction. In the polar
isomer, the effective bend elastic constant Kp mostly
depends on the electrostatic interaction of polarization
charges. The polarization contribution to the ratio of
elastic constants increases nonlinearly with the polar-
ization. Our experimental results correlate with the-
ory [8] describing the influence of polarization charges
on elasticity.

2. EXPERIMENT

We performed the experiments on films composed
of chiral S-4’-undecyloxybiphenyl-4-yl 4-(1-methylhep-
tyloxy)benzoate (11BMSHOB), a racemic mixture of
R and S enantiomers, and polar mixtures with dif-
ferent isomer concentrations. In the bulk sample,
11BMSHOB exhibits the following transition temper-
atures: SmC*—(108.3°C)-N*—(123.9°C)-I in the chi-
ral material [20] and SmC—(108.3°C)-N—(124°C)-I in
the racemic mixture. The polarization of the pure chi-
ral material Py is about 120 esu/cm? and is practically
independent of temperature. To prepare films with dif-
ferent polarizations, we used mixtures of the racemate
and polar isomer. The polarization of the mixture is
taken as P = X Py [6], with X defined as the fraction
of the uncompensated polar isomer (excess of the polar
isomer) in the mixture, which means that X = 0 in the
racemate and X = 1 in the optically pure compound.

Free-standing films are prepared by spreading a tiny
amount of the compound in the smectic phase over a
3-mm circular hole in a glass plate. Measurements are
performed on films with a thickness of 810 smectic
layers. An electric field is applied in the film plane us-
ing a pair of electrodes. The cell with the film could
be inserted into a temperature-controlled oven between
two permanent magnets (Fig. 1¢). The direction of the
magnetic field may be tilted with respect to the film
plane (Fig. 1b,¢). In most measurements, the magnetic
field value was ~ 3 kOe, which is sufficient to orient
the director in the nonpolar sample.
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Fig.2. (a) Structure with the radial stripe orienta-
tion that was formed due to the motion of the ma-
terial from meniscus to the film center, T = 103°C,
racemic 11BSMHOB. (b) Periodic stripe structure in the
optically pure isomer. The different width of the dark
stripes is related to the elastic anisotropy (Ks # Kg).
In the racemic mixture, regions with splay deformation
are broader than regions with bend deformation, while
in the chiral isomer, regions with bend deformation are
broader than regions with splay deformation. The stripe
appearance shows that K's > Kp in the racemate and
Ks < Kpg in the pure chiral isomer. The polarizer and
the analyzer are in the vertical and horizontal direction

After spreading, the film thickness is typically not
uniform. Uniform thickness is achieved by keeping
the film at a constant temperature for about half an
hour. The resulting films are studied in polarized light
(PL), using reflected light microscopy with crossed po-
larizers (RLMCP) and depolarized reflected light mi-
croscopy [21]. Using a combination of these methods,
we were able to determine the azimuthal orientation
of the c-director in the films. The microscope images
were captured by a CCD-camera.

Different methods have been used previously to pre-
pare periodic stripe structures. They can be generated
in smectic films mechanically [22], in a rotating [11, 14]

or AC [22, 23] electric field. In our experiments, we used
two methods to obtain the stripe structure in films of
11BSMHOB. In nonpolar films, the periodic c-director
orientation can be prepared when additional smectic
layers appear in the film. We observed formation of
the stripe structure when the film was heated above
the bulk transition temperature Tp and then cooled to
below Tg. At low temperature, a part of the mate-
rial moves from the meniscus towards the center of the
film and may form a film of uniform thickness with a
radial stripe structure (Fig. 2a). Since the number of
stripes remains constant, the stripe period essentially
decreases from the edge to the film center. The result-
ing stripe structure may exist in the film for a long time
(more than an hour), which allows performing measure-
ments.

In polar SmC™* films, periodic structures are ob-
tained by applying an AC electric field to the film in a
circular hole. In a certain range of field frequencies and
values, periodic reorientation of the c-director leads to
the formation of an array of 2w-walls. In our experi-
ments, the frequency of the field was 0.1-1 Hz, and its
magnitude 0.02-0.033 statvolts/cm. After switching off
the field, the structure of the 2r-walls relaxes. During
relaxation, a stripe structure with a nearly constant
period may form. The mechanism of the formation of
the stripe structure was discussed in detail in Ref. [24].
Figure 2b shows a part of the polar film with a nearly
parallel stripe texture. The stripe texture can remain
in the film for several minutes. The number of stripes
and their period depend on the value of the electric field
and the duration of application. Most measurements
were performed on stripe structures with the 25-50um
periodicity.

Isolated 27-walls were obtained in an external mag-
netic field. As arule, in absence of the field, the c-direc-
tor in the film varies smoothly, not forming distinctive
linear defects. After applying a magnetic field tilted
with respect to the film plane, the director in most
part of the film orients uniformly, except for relatively
narrow regions in which 2r-walls are formed. If the
ends of an isolated wall are pinned on the opposite
edges of the sample, the wall cannot disappear. It is
also possible to introduce a 27-wall in the system by a
180°-reorientation of the c-director. In nonpolar films,
2m-walls are formed by rotating the film with respect
to the magnetic field direction such that the tilting an-
gle a (Fig. 1b) changes its sign. This rotation induces
a 180°-reorientation of the c-director in the film plane,
which can result in formation of 27-walls [12,16]. The
27-walls in nonpolar films composed of a racemic mix-
ture are investigated in a magnetic field. The structure
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of the stripe pattern in films composed of heterochiral
mixtures with different enantiomeric excess is studied
without an external field.

3. EXPERIMENTAL RESULTS AND
DISCUSSION

Periodic stripe structures

Periodic stripe structures are investigated in both
nonpolar and polar films. To analyze the crossover from
nonpolar films to pure chiral 11BMSHOB, we studied
stripe structures in films composed of mixtures with
different, isomer concentrations.

Figure 2 shows RLMCP images of periodic stripes
in a nonpolar SmC' film prepared from the racemic
mixture and in a SmC* film composed by the opti-
cally pure isomer. The c-director orientation was deter-
mined by combining RLMCP and PL. The dark stripes

Periodic stripes
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Fig.3. Schematic representation of the c-director ori-
entation across (a) a periodic stripe structure and (b,c)
2m-walls for different orientations of the walls with re-
spect to the magnetic field. (b) The 27-wall is oriented
parallel to the c-director at a large distance from the
wall. (¢) The 27-wall is oriented perpendicular to the
c-director at a large distance from the wall. The main
type of deformation in different regions of the periodic
structure (bend or splay) is indicated in the lower part
of (a). The widths Ay, Az, and Aj of the 27-walls (the
lower part of the figure) are measured to characterize
the film elasticity

in RLMCP correspond to c-director orientation paral-
lel to one of the polarizers. In the center of the dark
stripe, the deformation is pure bend or pure splay (the
right side of Fig. 2). A schematic representation of the
periodic stripe structure is given in Fig. 3a. The dif-
ferent widths of the dark stripes in Fig. 2 are related
to the elastic anisotropy of the c-director field. The
wider stripe corresponds to larger elastic constant. We
found that narrow and wide black stripes in nonpolar
and polar films correspond to different types of defor-
mation. In nonpolar films, the regions with splay de-
formation are wider than those with bend deformation
(Fig. 2a). This result indicates that Kg > Kp. On the
contrary, in the pure chiral isomer, the regions with
splay deformation are narrower than the regions with
bend deformation (Fig. 2b), and hence Ks < K. For a
quantitative description of the elasticity, the distances
wp and wg between two bright stripes with bend and
splay deformations in the middle are measured. The ra-
tio wp /wg is used to determine the elastic anisotropy
Kp/Kg in the films as a function of the enantiomer
concentration.

The free energy of a smectic film in an external field
can be written as [2]

F:h/BKﬂVﬁf+

+ %KB (V x¢) + Fip | dzdy, (1)
where h is the film thickness. The c-director is a 2D
unit vector with coordinates (cos,siny). The first
two terms in (1) are the two-dimensional elastic energy
with splay and bend elasticity. In an external mag-
netic field, the last term (Fj,) is the coupling between
the field and the c-director orientation.

Minimizing (1) with respect to ¢(x,y) gives the
equilibrium director configuration. For Kg = Kp
(which corresponds to the one-constant approxima-
tion), the Euler-Lagrange equation following from the
minimum condition for (1) is simplified and its solution
can be expressed in elementary functions for stripes and
walls in magnetic and electric fields [9, 10, 16, 24]. But
in general Kg # Kp, and an analytic expression for
periodic stripe structures cannot be given. Therefore,
to obtain the structures of periodic stripes (Fj, = 0),
the Euler—Lagrange equations should be solved numer-
ically.

We consider the linear stripe structure parallel to
the y axis. The Euler-Lagrange equation derived
from (1) leads to the equation for the azimuthal ori-
entation of the c-director ¢(x) across the stripes:
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e(z)
r—xyg=A / \/Ks sin? o + Kpcos? odyp,  (2)

¢(z0)

where the constant A depends on the period of the
structure. Periodic structures are the metastable states
with respect to the uniformly oriented film.

Equation (2) allows determining the elastic
anisotropy Kp/Kg from the experimental data. The
distances between neighboring white stripes (Fig. 2)
correspond to a rotation of ¢ by 7/2. The relative
width of wp and wg is a function of the ratio Kp/Kg
and can be written as

5m/4
. K
/ \/sin2 Y+ &,B cos? p dyp
Kg
wRB 37/4
— = . 3
ws 3m/4 e ( )
/ \/sin2cp+ 2cos2cpd<p
Kg
w/4

The ratio wp /wg is calculated as a function of Kp/ K.
Comparing the experimentally measured ratio wg/wg
with the results of the calculation, we determined the
elastic anisotropy Kp/Kg. This procedure was per-
formed for films composed of different mixtures. The
results are given in Fig. 4 by circles as a function of the
enantiomer concentration X and polarization P in the
sample. We can see that Kp/Kg essentially increases
with X and P.

2m-walls in a magnetic field

2m-walls are formed in a magnetic field tilted with
respect to the film plane. Due to the positive diamag-
netic anisotropy of the molecules, the minimum energy
corresponds to the smallest possible angle between the
long molecular axis and H. Far from the 2r-wall, the
c-director is oriented parallel to the projection of H on
the film plane H, (Fig. 3b,c).

Figure 5 shows photographs of 2r-walls with orien-
tation perpendicular and parallel to H,. In RLMCP
with the polarizer parallel to H,, 2m-walls appear as
four bright stripes on a dark background (Fig. 5).
These bright stripes correspond to the director orien-
tation ¢ = (2m + 1)w/4, where m is an integer. A
schematic representation of 2m-walls parallel and per-
pendicular to H, is shown in Fig. 3. The inner struc-
ture of the walls gives information about the elastic
constants. The c-director orientation and deforma-
tion type in the same regions of two walls in Fig. 5
are different. In the middle of the central dark stripe
(Fig. 5a), the director orientation is horizontal, which

. . 2
Polarization, esu/cm

A 0 30 60 90 120

0 0.2 0.4 0.6 0.8 1.0
Enantiomer concentration X

Fig.4. Dependence of K /Kgs on the enantiomer con-
centration X and polarization P. Circles are the data
obtained from studies of periodic stripe structures. The
cross shows the value of the elastic anisotropy in a non-
polar film (X = 0) obtained from the structure of 27-
walls in a magnetic field. The solid line is a fit with a
square function. Polarization (upper axis) was deter-
mined from the relation P = X P,, where P, is the
polarization in the pure chiral isomer (X = 1)

Fig.5.
11BSMHOB film. () The wall is oriented perpendicu-
lar to the projection of H on the film plane H,. (b) The

2m-walls in a magnetic field in a racemic

wall is oriented parallel to H,. The photographs
were taken in RLMCP, T = 103°C, H =~ 3 kOe,
o =16.9°

corresponds to bend deformation (Fig. 3¢). In the mid-
dle of two broad dark stripes (Fig. 5a), the director is
oriented vertically, and the deformation corresponds to
splay (Fig. 3¢). On the contrary, in the center of the
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broad dark stripe in a 2r-wall parallel to H,, (Fig. 5b),
the c-director orientation is vertical with splay defor-
mation, and in two side stripes, the orientation is hori-
zontal, which corresponds to a bend deformation. The
halfwidth A, of a 2r-wall (Fig. 3), i. e., the distance be-
tween points where the c-director is rotated by —m/2
and +7/2 with respect to the center, very slightly de-
pends on the wall orientation, since the wall contains
a combination of bend and splay between these points.
By contrast, for Kg # Kp, the width Az (Fig. 3) be-
tween central bright stripes (Fig. 5) strongly depends
on the wall orientation with respect to the field direc-
tion. The reason is that in the central part of the wall,
the deformation of the c-director is mainly of one type
(bend or splay). Figure 5 clearly shows that the black
stripes with splay deformation are broader than the
ones with bend deformation. Hence, the structure of
2m-walls indicates that K¢ > Kpg in the racemic mix-
ture. To determine elastic anisotropy, the widths A
and Aj (Figs. 3 and 5) between the points where the
c-director is rotated from —3m/4 to +37/4 (A;) and
from —7/4 to +7/4 (A3) were measured. A quantita-
tive description of the elastic anisotropy is given later
in this section.

The coupling between the field and the molecular
orientation is given by Fj, = —1/2 - YH?(A; cosp +
+ Ay cos2yp), where x is the diamagnetic anisotropy,
Ay = 1/2-sin20sin2a, Ay = 1/2 - sin®#f cos® o, and
« is the angle between the magnetic field and the film
plane [16]. In Fj,, we write only the terms dependent
on . The structure of the wall can be obtained by
numerical integration of the equation

1/2

o [xH? (Ai+A3—A; cos p— A cos 2¢) A
7T Ksk, )
which follows from minimization of energy (1). In
Eq. (4), ¢' = dp/dx and K, = sin® p + Kp/Kg cos® ¢
for the wall perpendicular to H,, ¢ = dy/dy and
K, = cos? p+Kp/Kg sin?  for the wall parallel to H,.

As mentioned above, the halfwidth of a 2m-wall A,
very slightly depends on the wall orientation even for
Kg # Kp. To determine Kp/Kg, two other regions
A; and Az were used. In RLMCP observations, Ag
and A; are respectively the distances between two cen-
tral and two outer bright stripes of the wall (Fig. 5).
The regions Az and (A; — As) correspond mainly to
splay and bend distortions in 2mw-walls parallel to H,
and conversely in 27-walls perpendicular to the field
(Fig. 3b,c). The ratio of these widths can be written as

Ay — Az
Aj B
3m/4 : 1/2
2 / Ko : dy
A1 +As—Aq cosp—As cos2p
_ w/4 . (5)
5m/4 : 1/2
/ K, dy
A +As—Aq cosp—As cos2p
3m/4

This ratio, as well as wg/wg in Eq. (3), depends on
Kp/Kgs. To determine the elastic anisotropy, the ratio
(A1 — As)/A3 was calculated using (5) as a function
of Kp/Kg. The elastic anisotropy was determined by
fitting the experimental data by the calculated values.
From the widths of 27-walls, we obtain Kp/Kg = 0.27,
which is close to the value obtained from measurements
in periodic stripe structures (Fig. 4).

We now discuss the difference of Kp/Kg in non-
polar and polar films. In a polar film with P per-
pendicular to the c-director, the bend-type deforma-
tion of ¢ leads to splay-type deformation of the polar-
ization. This gives rise to polarization space charges
with the density § = —(V - P). Interaction of polar-
ization charges with each other increases the energy of
the film and effectively renormalizes the bend elastic
constant. Without free charges, the change of Kp de-
pends on the wavevector ¢ of the deformation [2, 6, 13],
and K p should diverge as ¢ — 0. However free charges
present in the film partially screen polarization-induced
charges, and therefore the divergence is not achieved.
The electrostatic energy depends on the ratio of 1/¢
and the 2D Debye screening length A. As shown in [§]
in the long-wavelength limit ¢ < 1/, the effective elas-
tic constant Kp is independent of ¢, and the part of
the constant dependent on the polarization is propor-
tional to P2. This dependence is valid if 1/q or the
characteristic length on which the orientation of the c-
director changes sufficiently (i.e., the halfwidth A, in
2m-walls) is much larger than A. The estimation for A
given in [8] is A <1pm. The period of stripe structures
that correspond to the data in Fig. 4 was 25-50um,
and the long-wavelength approximation should there-
fore be valid for our periodic stripe structures. Our
experimental situation corresponds to the theoretical
limit [8] where the wave vector dependence of the free
energy does not play an important role.

The solid line in Fig. 4 for Kp/Kg shows the
least-square fit of the data with squared functions
Kp/Ks = K%/Kgs + 3P?, where K% is the bare bend
elastic constant. The experimental results (Fig. 4) are
in agreement with the theoretical predictions.
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Previously, different configurations of point topo-
logical defects with the topological charge S=+1 were
reported in polar and nonpolar films [13,26]. In polar
films, the defects have a radial (splay) configuration
of the c-director, and in nonpolar or low-polarization
films, they have a circular (bend) configuration. This
finding was explained by an increase in effective bend
elasticity in polar films and the energy of the circular
configuration due to polarization charges [13,26]. In
our case, as follows from Fig. 4, the critical concentra-
tion when the splay and bend elastic constants become
equal is approximately 0.5. The transition from the
circular to the radial director configuration observed
in 11BSMHOB [26] is in agreement with our measure-
ments.

The question exists about the origin of the diffe-
rence between Kg and Kp in nonpolar films. The
2D smectic elastic constants are related to the bulk
splay K1, twist Ko, and bend K33 nematic elastic
constants [2]. The elastic anisotropy in a nonpolar film
may reflect the difference of the elastic constants in the
nematic phase.

4. SUMMARY

In the investigations presented here, we study 2D
elasticity in smectic films. The magnitude of the bare
ratio Kp/Kg was determined in the racemic mixture
from the structure of periodic stripes and 27-walls in a
magnetic field. Periodic stripe structures were used to
study the influence of polarization on elasticity. The
dependence of the elastic anisotropy Kp/Kg on po-
larization was determined in the static limit where
the effective period of orientational deformation is
much larger than the 2D Debye screening length .
Our observations indicate that polarization charges
induce a strong renormalization of the bend elastic
constant. Polarization-dependent contributions to the
elastic anisotropy and to the bend elastic constant show
a P? behavior, in agreement with theoretical predic-
tion [8]. The results of our investigation demonstrate
the importance of the polarization space charges for
the elastic properties of liquid crystals and are relevant
for both fundamental physics and numerous technical
applications.

This work was supported in part by the RFBR
projects 12-02-33124, 11-02-01028, and 11-02-01424.
We thank H. T. Nguyen, A. Babeau, and S. Gineste
for synthesis of the liquid crystals.
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