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We report the influence of the polymer network density formed in short-pitch ferroelectric liquid crystal
�FLC� on the soft and the Goldstone dielectric relaxation modes. The experimental results of the pure FLC and
the FLC stabilized by a polymer network with various densities are presented and compared. These results
reveal that in the SmC� phase, when the polymer concentration increases, the Goldstone dielectric strength
gradually decreases and the relaxation frequency is shifted to higher values. In the SmA� phase, the results
show that close to the SmC�-SmA� transition temperature, Tc, the soft relaxation mode is largely influenced by
the polymer network: a sharp decrease in the dielectric strength and an increase in the relaxation frequency
when the polymer density increases were observed. The soft mode is relatively weakly affected by the network
for higher temperatures �T�Tc+0.5 °C�. This indicates that the behavior of the soft mode for this temperature
domain is dominated rather by thermal effects than by the network. A simple phenomenological approach was
proposed to explain the behavior of the soft-mode dielectric strength versus polymer concentration. This model
takes into account the anisotropic interaction between the polymer network and the liquid crystal, and the
elastic interaction resulting from the anchoring of the liquid crystal molecules at the polymer surfaces. The
experimental results are in agreement with the proposed model.
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I. INTRODUCTION

During the previous decades, the study of ferroelectric
liquid crystals �FLC� in confined geometry has been an ac-
tive area of research. Understanding of the smectic layer
structure, dynamics of collective modes, and molecular mo-
tions can be advanced if results on samples restricted to con-
fined geometries are compared with those of the bulk.

Generally, spatially confined FLC exhibit a drastically re-
duced Goldstone mode: a considerable decrease in the di-
electric strength being observed �1–9� along with the relax-
ation frequencies shifted to higher values �5�. These effects
were explained by the increase in the effective elastic energy
�5� of the materials. The behavior of the soft relaxation mode
is however still not sufficiently described in the literature.
Most of these studies concerned systems with FLC confined
in nanoporous membranes with separated cylindrical pores
�10�, porous glasses with narrow pore size distributions �11�,
or silica aerogels with irregularly shaped cavities and broad
size distributions �5�. To gain better understanding of the
dielectric properties of the confined FLC, different topolo-
gies, such as a network of straight rods or anisotropic poly-
mer bundles dispersed in the FLC media, may be studied.

Polymer-stabilized liquid crystals �PSLCs� are composite
materials in which a small concentration of the polymer net-
work is dispersed within liquid crystal media �12,13�. The

possibility to stabilize liquid crystal cells by a polymer net-
work was first demonstrated by Hikmet �14�. The polymer
network is formed by a chemical cross-linking process of a
small concentration �few percent� of photoreactive mono-
mers dissolved in low molecular weight mesogenic material
and activated by a UV illumination. When the polymeriza-
tion occurs in an aligned geometry, the resulting polymer
network is roughly aligned parallel to the direction initially
imposed by the liquid crystal medium in which the network
has been formed �15,16�. In turn, the alignment of the liquid
crystal can be reinforced by the polymer fibrils through a
bulk anchoring mechanism due to a large quantity of small
internal boundaries. Depending on the type of the reactive
mesogen, the morphology of the polymer network may cor-
respond to an open structure consisting of anisotropic and
interconnected fibrils �15,17–20�. The lateral size of the
fibrils is of the order of a few tenths of 1 �m �21–23�; their
density increases with the reactive monomer concentration.
The polymer morphology also depends on the nature of the
liquid crystal phase in which the network was formed. In
fact, previous studies have shown that the polymer fibers
adopt a characteristic helically twisted form, taking place
spontaneously during the photocuring process in the choles-
teric �16,19–21,24–28� and in the chiral smectic phases �29�.

The electro-optic properties of liquid crystals can be
modified by the presence of the polymer network �13�. Ap-
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plication of an electric field causes a distortion of the liquid
crystal host due to a field-induced director rotation without
any reorientation of the network �15�, considered to be rigid
and heavily cross linked. However, the polymer network im-
poses additional alignment forces on the liquid crystal mol-
ecules supporting the initial orientation of the liquid crystal
media prior to the photopolymerization process �14,30,31�.
The electro-optical response of such systems is characterized
by a critical field for director reorientation and fast response
dynamics �15,18,32,33�.

In a recent study �29�, we have demonstrated that when
the polymer network is formed in the short-pitch ferroelec-
tric liquid crystal, the critical field necessary to unwind the
helical structure of the FLC increases with the polymer den-
sity. These results are interpreted by the increase in the ap-
parent elasticity of the polymer-stabilized ferroelectric liquid
crystal �PSFLC� films resulting from the twist morphology
of the polymer fibers. The electroclinic susceptibility as well
as the electroclinic switching time has been shown to be
largely influenced by the polymer network �34,35�. This be-
havior was explained by a strong interaction between the
liquid crystal molecules and the polymer network �34,35�.

In the present contribution, we show how the introduction
of a small quantity of an anisotropic polymer network
formed in a short-pitch SmC� phase affects the dynamics of
the ferroelectric relaxation mechanisms. After describing the
experimental observations, we demonstrate that the changes
in the dielectric behaviors of the PSFLC might be explained
mainly by the increase in the elasticity of the films. In addi-
tion, a theoretical analysis based on an extended phenomeno-
logical model is proposed and discussed in order to show
how the confining polymer network influences the relaxation
behavior in the orthogonal smectic A phase.

II. EXPERIMENTS

The ferroelectric liquid crystal compound used in this
work is the ROLIC 8823 �Rolic Research Ltd.� which exhib-
its, on heating, the following phase sequence between the
crystalline �Cr� and the isotropic liquid �I� phases:
Cr-27 °C-SmC�-63.5 °C-SmA�-65 °C-I, where SmC� and
SmA� are the chiral smectic-C and smectic-A phases, respec-
tively. In the SmC� phase the helical pitch at room tempera-
ture is about 0.3 �m and the spontaneous polarization is
Ps�100 nC /cm2. The polymer network is prepared using a
reactive diacylate mesogen as a photocurable monomer
which exhibits the nematic �N� phase between Cr and I
phases �Cr-88 °C-N-118 °C-I�. The molecular structure of
this monomer is shown in Fig. 1. The photopolymerization
was initiated with Irgacures 369 which was added to the
monomer with a concentration of 0.5 wt %. The reactive
monomer, together with photoinitiator, was dissolved into
the ferroelectric liquid crystal in its isotropic phase to make a

homogeneous mixture. The monomer concentration in the
mixture was varied between 2 and 7 wt %. A 5-�m-thick
cell with polyimide aligning layers �EHC Inc., Japan� with
polyimide aligning layers was filled with a mixture in its
isotropic phase. In order to obtain a good alignment of smec-
tic layers, an electric field of 5 V �m−1 at 1 Hz was applied
to cells, and they were slowly cooled at 0.1 °C min−1 from
the isotropic phase down to room temperature. The sample
cells were subsequently exposed to ultraviolet light �wave-
length �=365 nm� at 25 °C with an intensity of
18 mW cm−2 for 30 min without any applied electric field.

Dielectric measurements were performed in the frequency
range of 10 Hz–13 MHz �HP 4192A�. In order to obtain the
characteristic dielectric strengths and relaxation frequencies
of the ferroelectric relaxation modes, the dielectric spectra
were fitted simultaneously by the Cole-Cole function,

�� = �� +
���G�

1 + �j f/fG��1−�G� +
���s�

1 + �j f/fs��1−�s�
+

�

j2	f�0
,

�1�

where f is the frequency, �� is the high-frequency limit of the
dielectric permittivity, and ��G and ��s represent the dielec-
tric strengths corresponding to Goldstone and soft modes,
respectively. fG and fs represent the relaxation frequencies of
the two modes, �G and �s are the distribution parameters,
and � is the electric conductivity. To image the topography
of the polymer networks, a Veeco multimode atomic force
microscopy �AFM� equipped with a Nanoscope IIIa control-
ler was used. All AFM scans were taken in tapping mode
with commercially available tips made of phosphorus-doped
silicon.

III. RESULTS AND DISCUSSION

A. Goldstone mode in the SmC� phase

Figures 2�a� and 2�b� show examples of the dispersion,
���f�, and absorption, ���f�, dielectric spectra obtained in the
SmC� phase at low temperatures for different polymer con-
centrations. For all of the concentrations studied, two relax-
ation mechanisms were detected. The first, at low frequen-
cies �between 1 and 3 kHz� with a high amplitude, is due to
the Goldstone mode; whereas the second observed at high
frequencies ��1 MHz� with a weak amplitude is an artifact
due to the indium tin oxide �ITO� conducting layers. As
shown in Fig. 2�a�, at low frequencies, the dielectric response
shows a very strong polymer concentration dependence; at
100 Hz, for example, �� decreases from 100 to 30 when the
polymer concentration increases from 0% to 7%. This effect
is also clearly illustrated in the behavior of the absorption
peak observed in the �� spectra �Fig. 2�b��; the absorption
peak strongly decreases from 48 to 8 when the polymer con-
centration is varied from 0% to 7%. The parameters ��G and
fG obtained from the curve-fit procedure are displayed in
Figs. 3�a� and 3�b�. The behavior of ��G versus temperature
showed the same general features for all the samples �Fig.
3�a��; ��G slightly increases to reach a maximum at a tem-
perature called Tmax �3 °C below Tc� then decreases abruptly
above Tmax. The behavior of ��G versus temperature is de-

FIG. 1. The molecular structure of the reactive monomer.
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pendent on that of the helical pitch of the FLC �Fig. 4�.
Usually the maximum observed in ��G�T� is related to that
exhibited by the helical pitch �Fig. 4� at temperatures close to
Tc and indicates that the helical structure of the FLC is pre-
served in all our PSFLC systems. This behavior is in accor-
dance with the results reported in �29�, which demonstrate
that the helical structure of the ferroelectric phase still exists
despite the presence of the polymer network. The tempera-
ture dependence of the Goldstone relaxation frequency �Fig.
3�b�� shows that fG slightly increases with temperature,
reaches a maximum, and then rapidly decreases to a mini-
mum value at a temperature corresponding to Tmax �Fig.
3�b��. After Tmax, an abrupt increase in fG is observed for a
temperature close to Tc. Qualitatively, the thermal behavior
of the Goldstone mode is not affected by the polymer net-
work. However, quantitative differences were observed for
��G and fG when the polymer network density increases. To
illustrate this effect, we present on Figs. 5�a� and 5�b� the
evolution at room temperature of ��G and fG as a function of
the polymer concentration. It can be seen from these figures
that the increase in the polymer concentration from 0% to
7% leads to a breakdown of ��G from 120 to 27 and to an
increase in fG from 1.5 to 3.5 kHz. Changes in the dynamic

of the Goldstone mode have already been observed in PS-
FLC systems by Gasser et al. �1� and in other composite-
based FLC, as a random network formed from dispersions of
aerosil particles within FLC media �6–8�. For aerosil/FLC
composites, a decrease in ��G �6–8� and a shift of fG toward
high frequencies �7,8� with increasing the density of aerosil
particles were observed. The Goldstone mode even disap-
pears in these systems for a sufficiently high aerosil density.
The authors have interpreted the behavior of the dielectric
response in these systems by size effects on smectic domains
�6–8�; the reduction in the Goldstone mode strength and the
increase in the relaxation frequency with increasing the con-
centration of aerosil particles are due, according to these au-
thors, to the formation of smaller smectic domains where
fluctuations are quenched by surface interactions, leading to
a deformation of the helix. Additionally, the orientation of
these smectic domains becomes randomly distributed so that
fewer domains are therefore preferentially oriented in the
direction of the applied electric field. We believe that the
interpretation given above cannot explain the behavior of our
PSFLC systems, despite similar changes in dielectric relax-
ation being observed. First, the polymer network in PSFLC
cells are anisotropic and stabilizes the configuration of smec-

(b)(a)

FIG. 2. Frequency dependence of �a� the real and �b� the imaginary parts of complex permittivity in the smectic C� phase for different
polymer concentrations at T=25 °C.

(b)(a)

FIG. 3. Temperature dependence of �a� the dielectric strength and �b� the relaxation frequency of the Goldstone mode for different
polymer concentrations.
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tic domains oriented preferentially to the direction of the
electric field. Second, we have previously demonstrated �29�
that the polymer network in our systems presents a fibrillar
structure with a twisted morphology. This morphology pre-
vents the deformation and the unwinding of the helical struc-
ture of the SmC� phase. Accordingly, we think that the
changes observed in dielectric response in our systems are
essentially governed by elastic effects. We have already in-
terpreted the distortion of the helical structure of the SmC�

phase in terms of an elastic coupling between the polymer
network and the FLC molecules due to the anchoring forces
at the polymer fiber surfaces �29�. We expect that the
network-FLC interactions enhance the apparent elasticity of
the PSFLC films, and accordingly, causes the increase in the
relaxation frequency fG and the reduction in dielectric
strength ��G. In fact, the dielectric strength and the relax-
ation frequency of the Goldstone mode are expressed as �36�

��G =
1

2�0Keffq0
2 �Ps/
s�2, �2�

fG =
Keffq0

2

2	�eff
. �3�

If we assume the these expressions remain valid for our PS-
FLC systems, then Keff and �eff denote the effective twist
elastic constant and the Goldstone rotational viscosity of the
PSFLC films, respectively. 
s and Ps are the tilt angle and the
spontaneous polarization, respectively. q0= 2	

p , where p is the
helical pitch of the FLC that is considered here to be con-
stant. The reduction in ��G as a function of polymer concen-
tration is attributed to the variation in

Ps


s
and/or Keff. To

clarify that, we have plotted in Fig. 6 the ratio
Ps


s
as a func-

FIG. 4. Temperature dependence of the helical pitch of the pure
FLC measured by mean of Grandjean-Cano method �37�.

(b)(a)

FIG. 5. �a� ��G and �b� fG measured at T=25 °C versus polymer concentration.

FIG. 6. Ps /
s ratio measured at T=25 °C versus polymer
concentration.
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tion of polymer concentration. This figure shows that this
ratio can be considered independent of the polymer concen-
tration. As a consequence, the observed decrease in the ��G
with polymer concentration can be explained rather by the
increase in the effective elastic constant Keff. On the other
hand, the relaxation frequency of the Goldstone mode �Eq.
�3�� is controlled both by the elastic �Keffq0

2� and viscous
��eff� forces. The increase in fG with polymer concentration
can be explained by the decrease in the Goldstone rotational
viscosity �eff and/or the increase in the effective elastic con-
stant Keff. From Eqs. �2� and �3�, the effective rotational vis-

cosity can be expressed as �eff=
�Ps/
s�2

4	�0��GfG
. According to this

expression and using the experimental data of ��G� fG �Fig.
7�a�� and

Ps


s
�Fig. 6�, �eff was evaluated as a function of

temperature for all polymer concentrations studied. Gener-
ally, �eff of the PSFLC films increases with the polymer net-
work density. At room temperature, for example, �eff in-
creases from 0.2 to 0.6 Pa s when the polymer concentration
increases from 0% to 7% �Fig. 7�b��. Consequently, the in-
crease in the relaxation frequency with the network density is
certainly due to the increase in the effective elastic constant
Keff �Eq. �3��. To illustrate this, Keff was evaluated at room
temperature from Eqs. �2� and �3�; the results are displayed
in Fig. 8. This figure shows that Keff linearly increases from
0.5�10−11 to 2.3�10−11 N when the polymer concentration
increases from 0% to 7%. The values of Keff found here
compare well with those obtained for the same PSFLC sys-
tems from the electro-optic measurements �29�. In conclu-
sion, the increase in the relaxation frequency and the reduc-
tion in the dielectric strength of the Goldstone mode for the
PSFLC films seem to be due to the increase in the twist
elastic energy, resulting from the strong interaction between
liquid crystal molecules and the polymer network.

B. Soft mode in the SmA� phase

Figures 9�a� and 9�b� show examples of the dispersion,
���f�, and absorption, ���f�, dielectric spectra obtained in the
SmA� phase at Tc for each polymer concentration. Two re-
laxation mechanisms are detected. The first, at frequencies
between 10 and 30 kHz with a weak strength, is attributed to

the soft-mode relaxation mechanism; whereas the second ob-
served at high frequencies ��1 MHz� is due to the ITO
conducting layers. As shown in Fig. 9�a�, at 1 kHz frequency,
the dielectric response shows a very strong polymer concen-
tration dependence; �� decreases from 23 to 12 when the
polymer concentration increases from 0% to 7%. This effect
is also clearly demonstrated from the behavior of the absorp-
tion peak observed in Fig. 9�b�; the absorption peak de-
creases from 12 to 3 when the polymer concentration is var-
ied from 0% t o 7%.

We present in Figs. 10�a� and 10�b� the temperature de-
pendence of the dielectric strength, ��s, and the relaxation
frequency, fs, of the soft mode. For all studied concentra-
tions, the behavior of ��s versus temperature shows the same
general features �Fig. 10�a��. A rapid increase in ��s is ob-
served close to Tc for all concentrations studied. The increase
in ��s at and close to Tc is dependent on the polymer con-
centration �Fig. 10�a��. Note that ��s becomes relatively
weakly affected by the network as temperature increases
from Tc �Fig. 11�. The relaxation frequency, fs, exhibits a
linear temperature dependence �Fig. 10�b��. At Tc, fs in-
creases from 10 to 36 kHz when the polymer concentration

(b)(a)

FIG. 7. Temperature dependence �a� of ��G� fG and �b� of the rotational viscosity �eff of the Goldstone mode for different polymer
concentrations.

FIG. 8. The effective twist elastic constant Keff versus polymer
concentration.
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increases from 0% to 7%. This effect seems to be less de-
pendent on the polymer network density at relatively higher
temperatures �T�Tc+0.5 °C� �Fig. 10�b��. Similar behav-
iors have been observed in the case of dispersed silica par-
ticles on FLC matrix near the SmA�-SmC� phase transition
�6–8�. However, Kundu et al. �38� showed for other PSFLC
systems that the soft-mode dielectric strength remains un-
changed when the FLC cells are stabilized by a polymer
network formed from a nonmesogenic reactive monomer.
These authors did not provide any indications of the network
structure of their systems. However Beckel et al. �39� dem-
onstrated that nonmesogenic monomers give rise to polymer
chains which microseparate from FLC molecules in the
smectic layers leading to a layer swelling. Obviously, this
polymer network structure is completely different to that ob-
tained in our systems �Fig. 12�. In order to examine how the
polymer network influences the soft-mode dielectric strength
of the PSFLC, we used the model previously developed �34�
to explain the electroclinic behavior of PSFLC films. We
point out hereafter only on the principal results of this model.

The total free-energy density was expressed as

f t = f0 +
1

2
��T − T0�
2 − CP
 +

P2

2�0
− PE +

1

2
Wp
2

+
1

2
K2� �


�z
�2

, �4�

where the f0 term represents contribution of the undistorted
SmA� phase to the total free-energy density, � is the mean-
field coefficient, C is related to the piezoelectric coupling
between the field-induced polarization Pind and the induced
electroclinic tilt 
ind, �0 is the vacuum permittivity, and  is
the dielectric susceptibility. K2 is the twist elastic constant
and Wp is the coupling coefficient describing the interaction
between the polymer network and the liquid crystal molecu-
lar director. By minimizing f t, the equilibrium of the system
is obtained �34� for the average values,

�
ind
PSFLC	 =

�0CE

��T − Tc��

1 −

tanh�Lc/2a�
�Lc/2a� � , �5�

(b)(a)

FIG. 9. Frequency dependence of �a� the real and �b� the imaginary parts of the complex permittivity at the SmC�-SmA� phase-transition
temperature, Tc, for different polymer concentrations.

(b)(a)

FIG. 10. Temperature dependence of �a� the dielectric strength ��s and �b� the relaxation frequency fs of the soft mode in the smectic A�

phase for different polymer concentrations.

PETIT et al. PHYSICAL REVIEW E 79, 031705 �2009�

031705-6



�Pind
PSFLC	 = �0E +

�0
22C2E

��T − Tc��

1 −

tanh�Lc/2a�
�Lc/2a� � , �6�

where Tc�=Tc−
Wp

� is the SmC�-SmA� transition temperature
of the PSFLC system. Lc is the mean distance between two
successive polymer fibers in the z direction �Fig. 13�, i.e.,

through the thickness of the cell, and a=� K2

��T−Tc��
. Similarly,

the average induced polarization can be written as

�Pind
PSFLC	 = �0E + �0��s

PSFLCE . �7�

The identification between Eqs. �6� and �7� gives the expres-
sion of the dielectric strength of the soft mode, ��s

PSFLC, as a
function of Lc,

��s
PSFLC �

�02C2

��T − Tc��
�1 − H� . �8�

The parameter H=
tanh�Lc/2a�

�Lc/2a� depends on the Lc, which is di-
rectly related to the network density. For a given reduced
temperature, �T−Tc��, Eq. �8� can be expressed as

��s
PSFLC � ��s

FLC�1 − H� . �9�

��s
FLC=

�02C2

��T−Tc��
denotes the soft-mode dielectric strength of

the pure FLC. Equation �9� shows that in the SmA� phase,
the main parameter that governs the soft-mode dielectric
strength in the PSFLC films is Lc. This means that the stored
elastic energy arising from the distortion of the director upon
application of electric field becomes important when Lc is
decreased. This causes a reduction in the soft-mode dielectric
strength �Eq. �9��.

From Eq. �9� and the experimental data of ��s �Fig.
10�a��, we evaluated the parameter Lc for each polymer con-
centration. To do that, the values of ��8.8�10+3 N /m2 K,
K2�10−11 N, and a=0.13 �m �34� were used. Equation �9�
was then graphically resolved to determine Lc. The results
are displayed in Fig. 15. The calculated values were com-

FIG. 11. The dielectric strength, ��s, of the soft relaxation mode
versus polymer concentration.

Lc

FIG. 12. �Color online� Tapping mode AFM images of the poly-
mer network structure of 40�40 �m2 �upper� and the height pro-
file of the network structure �lower� of the 3.5% polymer
concentration.

n

X

Z

Y

�ind
N

O

�
ind ( )z=0 =0 ( )z=Lc =0�ind

P
ind

Lc

Polymer fibers

E

FIG. 13. Tilt angle, �ind, and polarization P� ind, induced by the

electric field E� in the SmA� layers confined between two successive
fibers of the network. The elastic distortion of the liquid crystal
director n� is a twist deformation due to the anchorage of the liquid

crystal molecules at the polymer fiber boundaries; N� represents the
polymer network director and Lc denotes the average distance be-
tween two successive polymer fibers in the direction of the applied
electric field.
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pared to those directly measured from the topography of the
polymer networks obtained by means of AFM experiments
�Fig. 12�. It must be noted here that for AFM experiments,
the PSFLC cells were disassembled and flushed with solvent
to remove the FLC. Figure 12 shows example of AFM im-
ages and height profiles �on the z direction in Fig. 13� of the
polymer network. The height profile in the z direction indi-
cates two successive groups of fibers. The mean distance Lc
�Fig. 12� between them was evaluated for each polymer con-
centration and displayed in Fig. 14. The measured values of
Lc linearly decrease with the polymer density and agree well
with those calculated from the model. It seems from these
results that the fibrillar and anisotropic nature of the network
stabilizes, at long-range scale, the SmA� order and opposes
the electric field effect on the deformation of the SmA� di-
rector. These results are in accordance with previous works
�34,35� of the electroclinic effect in the same PSFLC sys-
tems, which demonstrate that the electroclinic susceptibility
of these systems is reduced with the increase in the polymer
network density. It must be noted here that the average lat-
eral separation distance �y direction in Fig. 13� between
polymer strands is estimated to be about 10 �m �Fig. 12�,
which is 1 order of magnitude higher than Lc. This difference
between interfiber distances in the two directions is an unex-
pected result. In fact, during the photopolymerization pro-
cess, the mobility of the reactive monomers could be com-
parable within the smectic layers so that they present the
same ability to come together and react to form the network.
This ability could be significantly different across the smec-
tic layers. Therefore, it would be reasonable to suspect that
the average distance between polymer fibers could be of the
same order of magnitude in lateral direction as well as in the
z direction. The result found here is not yet clear, and the
physical and chemical mechanisms governing the formation
of the network could provide an explanation of our finding.
This is not the aim of the work presented in this paper.

From the shift of the transition temperature, �Tc=Tc

−Tc�=
Wp

� , the coupling coefficient, Wp, characterizing the in-

teraction energy between the FLC and the polymer network,
can be estimated. �Tc values of 0.2 °C, 0.5 °C, 0.7 °C, and
0.9 °C were found for the polymer concentration of 2%,
3.5%, 5%, and 7%, respectively. The values of Wp are dis-
played in Fig. 15. Wp linearly increases with the polymer
concentration. The linear behavior of Wp in PSFLC systems
was already reported in earlier works �29,33,35�. The values
of Wp found here are within 1 order of magnitude of those
reported by Furue et al. �40�, Archer and Dierking �41�, and
Li et al. �42� on other PSFLC systems.

IV. CONCLUSION

In this work, we report the influence of the polymer con-
centration on the collective relaxation mechanisms, namely,
the soft and Goldstone modes, of a short-pitch ferroelectric
liquid crystal stabilized by an anisotropic polymer network.
Our studies show that the dielectric strengths of the soft and
the Goldstone modes decrease with increasing polymer con-
centration, whereas the relaxation frequencies are shifted to
high values. The reduction in ��G and the increase in fG are
interpreted as a consequence of the increase in the effective
twist elastic constant �Keff� of the PSFLC films. The increase
in the twist elasticity was related to the fibrillar structure of
the polymer network. To describe the reduction in the soft-
mode dielectric strength, we have adopted a one-dimensional
model which takes into account both the coupling interaction
between the polymer network and the liquid crystal director,
and the elastic energy due to the distortion of the liquid crys-
tal medium when an electric field is applied. The dielectric
strength of the soft mode was found to be directly related to
the average interfiber distance. The values of this average
distance were evaluated from the model and are in agreement
with those measured by atomic force microscopy.
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FIG. 14. The parameter Lc characterizing the network density
versus polymer concentration.

FIG. 15. The coupling parameter Wp characterizing the interac-
tion between the FLC and the network in the SmA� phase versus
polymer concentration.
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