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In the cylindrical pore geometry of inorganic Anopore membranes the collective relaxation processes observed in
a bulk antiferroelectric liquid crystal change considerably under confinement. The frequency degeneration of the
soft and Goldstone modes present at the smectic A* (SmA*)—chiral smectic C (SmC*) phase transition in the bulk
phase is removed under geometrical restrictions. The relaxation rate of the soft mode is strongly modified due to
the deformation of the smectic layers in the curved geometry of the pores and is superimposed by the molecular
relaxation process in the SmA* and SmC* phases. The soft mode in confinement splits into two relaxation
processes, which are present through all other mesophases (SmC* and SmC}). One of them is nearly temperature
independent and slightly decreases in frequency in the SmC¥ phase. This Goldstone-like process can be assigned
to the highly deformed helical structure fluctuations. The second one exhibits the characteristic features for the
molecular and soft mode relaxation processes depending on the temperature range. The biquadratic and the
piezoelectric coupling between the tilt angle and spontaneous polarization are revealed in their temperature

dependence.
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1. Introduction

The influence of different confinements on the
thermodynamic, dielectric and other physical proper-
ties of ferroelectric (FLC) and antiferroelectric (AFLC)
liquid crystals has resulted in growing interest due to
the diversity of new intriguing phenomena observed
under geometrical restrictions. Experiments have been
performed with FLCs embedded in porous Anopore
(I-11), porous Synpor membranes (6-9), porous
glasses (12-14), aerogels (15) or dispersed with solid
aerosil particles (/6-22) and with AFLCs in Anopore
(23, 24). The porous materials differ considerably in the
topology of their inner structure, from straight good
oriented and well separated cylindrical pores in
Anopore membranes to a very complex organisation
of interconnected channels and voids in Synpor
membranes, porous glasses or aerogels. Choosing a
porous material with a specific structure of the pores
provides good opportunities to study the influence of
the surface ordering effects and quenched random
disorder effects on the ordering of the liquid crystal
phases. In particular, in the case of quenched random
disorder the use of aerosil dispersions allows a more
precise explanation of many aspects of random
confinement.

Anopore membranes are very useful in investiga-
tions of the influence of surface interactions on

different liquid crystal phases because of the simple
and well-defined topology of the pores and high
surface to volume ratio (25). Dielectric (I, 5), X-ray
(3) and optical measurements (/0, 11, 24) reveal a
specific orientation of the FLC and AFLC phases in
cylindrical pores of Anopore. Diclectric measure-
ments deliver information about molecular and
collective dynamics of the relaxation processes and
allow conclusions about molecular or smectic layer
orientation in confinement. Optical and X-ray data
give direct proof of the existence of the helical
superstructure in the cylindrical channels and the
influence of confinement on the thickness of the
smectic layers.

Physical parameters, such as spontaneous polar-
isation, tilt angle and the value of helical pitch, are
essential for the characterization of the ferroelectric
chiral smectic C (SmC*) phase present in both the
bulk and confined FLCs and AFLCs. Recent
dielectric measurements have shown that in FLCs
with a low spontaneous polarisation and a helical
pitch above 1 um confined in Anopore membrane the
soft and Goldstone modes are completely undetect-
able due to the perfect orientation of the smectic
layers perpendicular both to the long axis of the pores
and the direction of the measuring electric field (/, 4,
7, 9). From the analysis of the nonlinear temperature
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dependence of the dielectric strength near the smectic
A* (SmA*)-SmC* phase transition, due to the
molecular process related to the rotation of
the molecules around their short molecular axis, the
temperature dependence of the tilt angle in the
confined SmC* phase was determined (/). Dielectric
measurements confirmed the existence of a tilted
smectic phase in cylindrical pores of Anopore
membranes.

In the SmC* phase of an AFLC confined in
Anopore membrane instead of the Goldstone mode
two other relaxation processes were observed (23).
One was assigned to the molecular reorientation
around the short axis, which can be expected with
quasi-homeotropic orientation of tilted molecules in
the smectic layers perpendicularly to the axis of the
pores. The second process was related to the internal
curved surface of the Anopore membrane. In the
FLC material CB500 having a TGBA phase (2) the
Goldstone mode was still observed in Anopore but
with a characteristic relaxation frequency shifted to
the higher frequency region. Another relaxation
process observed in confined CB500 was also
assigned to the collective movements of the molecules
attached to the pore walls. X-ray and dielectric
measurements revealed in an other Anopore confined
FLC material a smeared temperature dependence of
the layer spacing in the SmA*-SmC* phase transition
region in contrast to the bulk (3). Additionally,
increases of the soft mode relaxation frequency by a
factor of 2.5 in the SmA* phase and an increase of the
Goldstone mode characteristic relaxation frequency
as much as 400 times in the SmC* phase were
observed.

The sign of the optical activity measured in the
micro-confined ferroelectric liquid crystal
DOBAMBC in the cylindrical channels of Anopore
membranes is reversed with respect to the bulk
material (/7). The observed changes in optical
activity could be explained either by a significant
pitch reduction of the adsorbed phases or a reversal
of the rotary sense of the helical structure in the
confinement. Moreover, the selective reflection at the
blue wavelength of light was observed in a confined
AFLC, which confirms the existence of the helical
structure in the cylindrical pores of Anopore with the
helical axis oriented parallel to the axis of the pores
(24).

In the present study, dielectric spectroscopy was
used to investigate the influence of cylindrical
Anopore confinement on the relaxation processes in
a newly synthesised AFLC. Also, by using electro-
optical methods, the temperature dependence of the
tilt angle and spontaneous polarisation was deter-
mined. The influence of the confinement on the

relaxation processes near the SmA*-SmC* phase
transition and in the SmC¥ phase is discussed taking
into account the surface ordering effects in the
cylindrical geometry of the pores.

2. Experimental

The liquid crystal (S)-(+)-4’-(1-methylheptyloxycar-
bonyl)biphenyl-4-yl 4-(6- heptanoyloxyhex-1-oxy)-
benzoate belongs to the newly synthesised
homologous series of the three-ring antiferroelectric
esters (26, 27). This compound, besides isotropic (1),
paraelectric SmA* and ferroelectric SmC* phases
also has an antiferroelectric SmC¥ phase, which can
be supercooled down to about 311 K. The sequence
of the phase transition temperatures is (27): Cr
(«-311K) 323.7K — SmC} « 333.5K — SmC* «
3449K — SmA* « 3552K — 1. X-ray measure-
ments of the temperature dependence of the smectic
layer spacing for this compound have shown that the
ratio d(SmC*)/d(SmA¥*) attains in the SmC* phase a
value of about 0.905 (26, 27), which is equivalent to a
tilt angle 0 of about 25.2°.

Spontaneous polarization and tilt angle measure-
ments were performed in two different thicknesses of
ITO electro-optical cells. Cells with Sum thickness
and 12.7 x 12.7mm? pixel area were assembled with
two glass plates covered by a semitransparent
conducting layer of ITO and covered by rubbed
polyimide to induce homogeneous orientation of the
liquid crystal that was supplied by Awat Sp. z o.0.
(Warsaw, Poland). The ITO cells with a thickness of
about 1.3um and TM 12 x 12mm? pixel area have
only one surface covered by rubbed polyimide. In the
thinner cells the surface-stabilized ferroelectric and
antiferroelectric conditions can be achieved where the
helical superstructure is suppressed. The cells were
filled on a gradient hot plate with the liquid crystal in
the isotropic phase by capillary forces. The different
textures as well as the quality of the homogeneous or
homeotropic alignment of the liquid crystal in cells,
mounted in an INSTEC (USA) hot stage, were
observed and inspected under a Leica polarising
microscope. The temperature stabilization was about
+0.1K.

The temperature dependence of the spontaneous
polarisation was obtained by measuring the polarisa-
tion reversal current, Ip, induced by applying to the
cell with the liquid crystal a triangular wave form
signal (f=20Hz, V,,=30V) created by a Hameg
function generator and amplified by a FLC 2010. The
current was determined by measuring the voltage
drop over a R=300kQ resistor in series with the LC
cell and stored in a HP oscilloscope. The spontaneous
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polarisation was calculated from the equation:

5]

1
P‘;:ﬁjlpdt, (1)

n

where S is the electrode area.

The temperature dependence of the tilt angle 0
was determined from the two angular readings of the
successive positions of the extinction related to the
switching of the optical axis on the cone (20 — cone
angle) observed under a polarising microscope
equipped with a turn table. The sample was switched
using a low frequency square wave signal (f=0.1 Hz,
Vop=30V) to avoid possible effects in dc voltage
related to chemical decomposition of the sample by
ionic currents.

The influence of the geometrical restrictions on
the relaxation processes in the AFLC was probed in
porous Anopore membranes (Whatman) with well
defined, straight and separated cylindrical pores of
diameter 200nm and thickness about 60um. The
membranes were cut to the proper shapes and heated
several hours in a vacuum oven at a temperature of
473K to remove water and other impurities. Next,
the membranes were embedded with the AFLC in the
isotropic phase and kept in these conditions several
hours to ensure a complete fill. Finally, the outer
surfaces of the membranes were carefully cleaned
with filter paper to remove excess liquid crystal.
Composite samples prepared in this way were
mounted between the gold-plated electrodes of the
measuring capacitor.

The complex dielectric permittivity ¢*(w, T) was
measured in the frequency range from 10~'Hz to
10"Hz using a Novocontrol broadband dielectric
spectrometer with a high resolution dielectric/impe-
dance analyser Alpha and an active sample cell.
Measurements were also performed in the bulk
AFLC aligned homogeneously in the measuring
capacitor with gold plated electrodes separated by
50 um glass fibres. To obtain better orientation of the
bulk AFLC the samples were slowly cooling from the
isotropic to the SmA* phase. The experimental data
were evaluated using superposition of Havriliak and
Negami functions (28) and a conductivity contribu-
tion of the form:

Agi . 00
1_95,\,]"”( _ZZRSQf” > (@)

Gl zet zk: {1 + (iwty)

where 1, is the relaxation time and Ag, the relaxation
strength of the k-th absorption process. The expo-
nents o and 7y describe broadening and asymmetry
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of the relaxation time distribution, respectively. & is
the high frequency limit of the permittivity and g, is
the permittivity of free space. The conductivity part,

expressed by the term % dominates in the low

frequency range where g, is the Ohmic conductivity
and n a fitting parameter.

3. Results and discussion
Spontaneous polarization and tilt angle

Figure 1 shows the temperature dependence of the
spontaneous polarization measured in two different
electro-optical cells with thicknesses of 1.3um and
S5um. In general, the magnitude of the spontaneous
polarisation can depend on the degree of alignment,
the thickness of the cell, the frequency of the applied
electric field and the possible contamination of the
AFLC sample. The P changes from about zero at the
SmA*-SmC* phase transition to about 90nCcm >
in the SmC* phase far away from the transition
point. The values of P, obtained for these two
different thickness cells differ by about 15%. The best
fits of the experimental data to the formula:

Py=Py(T.—T)" (3)

for T<T. were obtained with fitting parameters
Po=33nCcm 2 and $=0.36 for the 1.3 um cell and
Py=28nCcm 2 and $=0.36 for the 5um cell. The
value of the f§ parameter seems to be independent on
the cell thickness. This value of the critical parameter
f differs from the value of 0.5 theoretically predicted
by a simplified mean field model (29).

100
754
§ 50
&)
£
D-ff)
25 J e 1.3um
o 50um
0 | T T T T T T T T
0 5 10 15 20

T, -TIK]

Figure 1. Temperature dependence of the spontaneous
polarization, P;, measured in electro-optical cells with
different thicknesses. The solid lines represent fits to the
power law of equation (3).
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Figure 2 shows the temperature dependence of
the tilt angle in the SmC* phase of the bulk AFLC.
At the lowest temperature of the ferroelectric phase
the tilt angle reaches a value of about 30+2°. The
temperature dependence of the tilt angle can be fitted
to the equation:

0=00(T.—T)", (4)

where 0y and « are fitting parameters, with o a critical
exponent. The obtained fitting values of the para-
meters are 0p=15° and «=0.30. The critical exponent
o also significantly differs from the value 0.5. The
obtained critical parameters « and £ differ consider-
ably, which implies a nonlinear relation between the
spontaneous polarization and the tilt angle (see the
inset in Figure 2). This suggests the existence of a
biquadratic and a piezoelectric coupling between the
tilt angle and the spontaneous polarisation. Such
behaviour is characteristic for ferroelectric liquid
crystals with a high value of spontaneous polarisation
(30).

Relaxation processes in cylindrical confinement

Figure 3 shows a three-dimensional plot of the
temperature and frequency dependence of the dielec-
tric losses for the homogeneously aligned AFLC in
bulk and confined in the cylindrical pores of the
Anopore membrane. It is immediately clear that the
influence of confinement on the collective and
antiferroelectric modes is remarkable.

In the isotropic phase of the bulk AFLC
(Figure 3a), beside the high frequency wing of the

35
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| o 70
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e | 50+
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Figure 2. Temperature dependence of the tilt angle in the
SmC* phase of the bulk AFLC. The solid line represents a
fit to the equation (4). The inset presents the relation
between the spontaneous polarisation and the tilt angle.

Figure 3. Temperature and frequency dependence of the
dielectric losses in (homogeneously aligned) bulk AFLC (a)
and AFLC confined in Anopore membrane (b).

molecular process, the conductivity contribution
related with ionic free charges, present in liquid
crystal, dominates. In the paraelectric SmA* phase,
near the SmA*-SmC* phase transition, the soft mode
(SM) (Figure 3a), related to amplitude fluctuations of
the order parameter, appears. The relaxation fre-
quency of the SM decreases with decreasing tem-
perature but the dielectric strength increases. At the
SmA*-SmC* phase transition the soft mode splits
into the soft amplitude mode and the Goldstone
mode (GM) related with azimuthal angle fluctua-
tions. In the ferroelectric SmC* phase the Goldstone
mode dominates and covers the much weaker soft
mode. However, the SM in the SmC* phase can be
extracted from the spectrum by applying during the
measurements an electric field sufficiently large to
unwind the helical superstructure. After crossing the
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phase transition temperature from the SmC* to the
antiferroelectric SmC} phase two relaxation pro-
cesses appear in the dielectric spectrum, known as the
high-frequency Py and low-frequency Pp modes. A
more detailed analysis of these relaxation processes
has been presented previously (37).

In the Anopore confinement (Figure 3b) the SM
is significantly modified near the SmA*-SmC* phase
transition. Moreover, the Goldstone mode, dominat-
ing in the SmC* phase of the bulk AFLC, is
suppressed and replaced by two relaxation processes
with close relaxation frequencies that appear in all
phases until crystallisation. The distinct point of the
SmC*-SmC} phase transition vanishes from the
dielectric spectrum under confinement.

Figure 4 compares the temperature evolution of
the frequency dependence of the dielectric losses in
the bulk AFLC and confined in the Anopore
membrane. A striking feature of the presented
dielectric spectra is the considerable difference in
conductivity contribution in the low-frequency range
of about two orders of magnitude between the bulk
AFLC and when adsorbed in Anopore. This differ-
ence results from a much lower amount of the AFLC
material in the pores and also the orientation of the
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Figure 4. Comparison of the frequency dependence of the
dielectric losses in the bulk AFLC (closed or half closed
symbols) and adsorbed in the Anopore membrane (open
symbols) at chosen temperatures. Evolution of the dielectric
losses at the (a) SmA*-SmC* and (b) SmC*-SmC¥ phase
transitions.

Liquid Crystals 199

smectic layers hinders the conductivity in the direc-
tion parallel to the axis of the pores. In the SmA*
phase the dielectric losses in confinement only slightly
increase with decreasing temperature and differ in
frequency dependence when compared to the bulk.
After exceeding a temperature of about 345K
(Figure 4a) in the bulk very strong losses, related
with the Goldstone mode in the SmC* phase, appear.
However, in the Anopore membrane this process is
suppressed and replaced by another process notice-
ably shifted to higher frequencies. At a temperature
of about 329K (Figure 4b), on approaching the
SmC¥ phase, the dielectric loss spectrum indicates the
appearance of two antiferroelectric relaxation pro-
cesses in the bulk AFLC. In the Anopore membrane
there also appear two relaxation processes but less
resolved and closer in frequency.

Figure 5 shows the frequency dependence of the
dielectric losses for AFLC embedded in Anopore
membrane at chosen temperatures. The solid lines
represent fits to equation (2) with the fitting para-
meters presented in Table 1. The first, lower fre-
quency relaxation process is characterised by
decreased broadening with decreasing temperature
and significant asymmetry. The second, higher

0.15

0.10 1

0.05 1

0.00

0.10 1

0.05 o .
o®’ %ay
0.00 : . . :

© o%%%e  T=33065K
0.10 » .

“ 0.05-

Figure 5. Frequency dependence of the dielectric losses of
the AFLC confined in the Anopore membrane at chosen
temperatures. The solid lines represent fits to equation (2)
with fitting parameters shown in Table 1.
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Table 1. Fitting parameters of the relaxation processes presented in Figure 5.

T/K Aﬁ] TIHN /s 41 Y1 AEZ TOHN /s O Y2
343.95 0.23 451%x107° 0.22 0.53 0.21 5.07x10°° 0.09 1
337.05 0.14 2.65%x107° 0.05 0.46 0.27 4.24x107° 0.15 1
330.65 0.10 3.14x107° 0.02 0.55 0.30 432x10°° 0.23 1

frequency relaxation process is described by the
Cole—Cole dielectric function (y=1) with increasing
broadening with decreasing temperature.

Figure 6 shows the temperature dependence of
the real part of the dielectric permittivity, &¢'(w, T), in
the bulk AFLC at different frequencies. For compar-
ison, the inset in Figure 6 shows the same frequency
dependence but for the AFLC confined in Anopore
membrane. In the bulk AFLC the changes of &'(w, T)
with temperature reveal the existence of several
different well-separated mesophases. The value of
¢'(w, T) characteristically increases at the SmA*-
SmC* phase transition due to the appearance of the
soft mode in the SmA* phase and the Goldstone
mode in the SmC* phase. The value of &'(w, T)
gradually decreases with increasing frequency in the
SmC* phase as a consequence of the shift of the
Goldstone mode out of the frequency window. At the
higher frequencies a characteristic kink for the soft
mode in the SmC* phase is visible. After passing the
SmC*-SmC}¥ phase transition the values of &'(w, T)
stay comparable to those in the isotropic phase. In
the confinement the value of &¢'(w, T) is about two
orders of magnitude lower than in bulk material.
However, in the temperature dependence of &'(w, T)
in confinement there is no distinction between the
SmC* and SmC¥ phases. A shift down at the
crystallisation temperature is also observed.

3004 .
427 J ;
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3.4 T
“w —=—13 Hz
—o0—310 Hz
100 kHz
—o—1.5kHz
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Cr SmC * ——11 kHz
a |
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300 310 320 330 340 350 360
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Figure 6. Temperature dependence of the real part of the
dielectric permittivity &'(w, T) of the bulk AFLC. The inset
shows the temperature dependence of &'(w, 7) in the
confined AFLC.

Figure 7 compares the temperature dependence of
the relaxation rate of the processes present in the
homogeneously aligned bulk AFLC and in the
AFLC-Anopore composite. Beside the molecular
process in the isotropic phase, in the SmA* phase
of the bulk AFLC the characteristic temperature
dependence of the relaxation rate for the soft mode is
observed. The relaxation rate of the soft mode
decreases with decreasing temperature and at the
SmA*-SmC* phase transition splits into the soft
amplitude mode and the Goldstone mode. The
relaxation rate of the soft amplitude mode increases
again with decreasing temperature but the relaxation
rate of the Goldstone mode is nearly temperature
independent with a typical bump near the SmA*-
SmC* phase transition in the SmC* phase. The
evaluation of the soft mode in the SmC* phase was
described in detail previously (37). At the SmA*-
SmC* phase transition the degeneration in the
frequency of the soft mode and the Goldstone mode
is observed. After passing the SmC*-SmC} phase

-
sM__ . | MP

P S

*1  smc*

T T T T T T
310 320 330 340 350 360
T[K]

Figure 7. Temperature dependence of the relaxation rate of
the relaxation processes present in the bulk AFLC (closed
symbols) and confined in Anopore membrane (open
symbols). Relaxation processes in the bulk AFLC: MP —
molecular process in the isotropic phase; SMgpax — soft
mode in the SmA* phase; SMg,c+ — soft mode in the SmC*
phase; GM — Goldstone mode; Py — low-frequency mode;
Py — high-frequency mode. Relaxation processes in the
AFLC-Anopore system: MP - molecular process in
the confined isotropic phase; SMs + 04 — superposition
of the soft mode and the molecular process in confinement;
GM, — Goldstone-like mode in confinement.
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transition two additional relaxation processes appear,
the high-frequency Py process and low-frequency Py,
process in the antiferroelectric phase (3/-34). The
investigated AFLC is characterised by a rather high
spontaneous polarisation (see figure 1) and belongs
to a group of AFLC compounds with short helical
pitch (35, 36).

In the SmA* phase of the confined AFLC the soft
mode is still observed but with significantly changed
temperature dependence of the relaxation rate. Below
the I-SmA* phase transition the relaxation rate
becomes smaller because in this range of temperature
the molecular process related with rotation of the
molecules around the short molecular axis, dom-
inates. The existence of this relaxation process is
imposed by the smectic layers orientation in cylind-
rical pores because in this geometry the measuring
electric field is parallel both to the long axis of the
molecule and normal to the smectic layer. However,
closer to the SmA*-SmC* phase transition the
characteristic dependence for the soft mode appears
and is shifted in temperature by about one degree
downwards compared to the bulk. The relaxation
rate of the soft mode in the SmA*-SmC* phase
transition is shifted to higher frequencies which
indicate considerable deformation of the smectic
layers in confinement. Although there is significant
difference between Anopore and aerosil confinement
comparable behavior was observed in FLCs dis-
persed with hydrophilic aerosil particles (/7-22). This
deformation and rearrangement of the smectic layers
in cylindrical pores is mainly responsible for the
appearance of the soft mode relaxation process in the
dielectric spectrum. From the formula
AT c~Tyc(-L —1) (22) the smectic layer mismatch

q4
qlga can be calculated if the shift in transition
temperature AThc and the SmA*-SmC* phase
transition temperature 7Tac is known. For
Tac=345K and ATac<1K the estimated layer
mismatch is rather small and equal to about 1.003.
Additionally, the observed shift in the relaxation rate
of the soft mode, Af;, at the SmA*-SmC* phase
transition can be estimated from the relation

Ay~ % (22) with typical value of material
constants ay=5x10*Nm>K™! (37) and

y=0.1Nsm 2. For ATxc<1K, the shift
Af,=10°Hz compares well with the observed gap
between the soft mode frequency in confinement and
the Goldstone mode frequency in the bulk AFLC.
After crossing the SmA*-SmC* phase transition
the soft mode splits into the two relaxation processes
that appear in the SmC* and SmC¥ phases. A
characteristic and curious feature is the disappear-
ance of a sign of the SmC*-SmC¥ transition point.
The higher frequency process is nearly temperature
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independent in the measured temperature range and
differs in relaxation rate less than two decades with
the Goldstone mode. The origin of this relaxation
process in confinement in the frequency region of
about 10° Hz needs interpretation. First, consider the
following scenario: a tilted director arrangement in
the SmC* phase in the pore centre in connection with
a horizontal layer configuration and an axial
anchoring at the cavity walls generates a deformed
director field with splayed and twisted regions at the
pore walls (5). In the splayed area near the walls a
flexoelectric polarization with a large axial compo-
nent can be created which couples with the measuring
electric field and contributes to the relaxation
spectrum. Assuming the thickness of the splayed
layer d ~ 10nm and taking into account a typical
elastic constant K ~ 5x 10~ 2N (37) and viscosity y
~ 0.1 Nsm™? as material parameters, the estimated
relaxation frequency from the formula f =4§§f is
about 107 Hz. The estimated value of the relaxation
frequency is about two decades higher than observed
in this experiment. This rather significant difference
in frequencies probably excludes the above discussed
mechanism as responsible for the observed relaxation
process. In the second scenario, for the explanation of
the origin of the observed relaxation process, one can
take into account a significant deformation and
rearrangement of the smectic layers in the cylindrical
geometry of the pores. The arrangement of the
smectic layers in confinement can be a combination
of tilted smectic layer areas and perfectly oriented
layers perpendicular to the axis of the pores.
Therefore, the observed process can reflect a rather
strongly frequency-shifted phason mode as a con-
sequence of the elastic torque due to the lateral
confinement. Recently preformed X-ray measure-
ments reveal the considerable influence of the
Anopore confinement on the temperature depen-
dence of the tilt angle in the SmA*-SmC* phase
transition (3), which can be connected with a
compression of the smectic layers. For instance in
DOBAMBC, the lateral restriction to 200 nm pores
can describe the experimentally observed frequency
shift of almost two decades (/2), which is of
comparable order of magnitude as in this experi-
ment.

The temperature dependence of the relaxation
rate of the second process (SMa+d5 in Figure 7)
slightly increases in frequency near the SmA*-SmC*
phase transition and behaves characteristically for a
soft mode, but after approaching a kind of max-
imum, decreases nearly linearly with decreasing
temperature and resembles the characteristic beha-
viour for the molecular process related with rotation
of the molecule around its short axis.
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Figure 8 compares the temperature dependence of
the dielectric strength of the relaxation processes that
appeared in the bulk AFLC and when confined in
Anopore membrane. Near the SmA*-SmC* phase
transition the characteristic temperature dependence
of the dielectric strength for the soft mode is observed
(Figure 8a), which increases rapidly in the SmA*
phase and decreases in the SmC* phase with
decreasing temperature. In the SmC* phase the
Goldstone mode dominates with a relatively high
value of dielectric strength and is nearly independent
of the temperature and with a characteristic bump
close to the SmA*-SmC¥* phase transition, related to
the appearance of the helical structure in the SmC*
phase. In the SmC} phase two antiferroelectric modes
appear, one with dielectric strength that slightly
increases with decreasing temperature (Py mode)
and a second one with dielectric strength that some-
what decreases with decreasing temperature (Pp
mode). In the Anopore confinement the temperature
dependence of the dielectric strength changes signifi-
cantly. The dielectric strength of the soft mode in the
SmA* phase is much lower in confinement due to the
smaller amount of LC material in the pores compared
to the bulk sample, and because only a small part of the
sample embedded in the pores is oriented in the proper
direction to detect the soft mode (the measuring
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Figure 8. Temperature dependence of the dielectric
strength of the relaxation processes observed in the bulk
AFLC (a) and confined in Anopore membrane (b). The
meaning of the labels for the different relaxation processes
is identical to those for Figure 7.

electric field is always directed parallel to the axis of
the cylindrical channels). In the SmC* and SmC¥
phases two relaxation processes appear with very low
dielectric strengths almost temperature independent,
except in the vicinity of the SmA*-SmC* phase
transition where the dielectric strength nonlinearly
changes with decreasing temperature.

It is well established in many dielectric experi-
ments (3/-34) that in planar geometry when the
smectic layers of the bulk AFLC are perpendicular to
the plates of the measuring capacitor (measuring
electric field perpendicular to the helical axis) several
molecular and collective relaxation processes are
observed. In the paraelectric SmA* phase the soft
mode then appears and splits up in the ferroelectric
SmC* phase in the soft amplitude mode and the
Goldstone mode. Additionally, in the antiferroelec-
tric SmC¥ phase two relaxation processes Py and Py,
are present. In the homeotropic geometry when the
smectic layers of the bulk AFLC are parallel to the
plates of the measuring capacitor (measuring electric
field parallel to the helical axis) only one relaxation
process related to the rotation of the molecule around
its short molecular axis is observed. In this second
case due to the geometry of the experiment the soft,
Goldstone, Py and P;. modes are all inactive and not
dielectrically detectable.

However, in real samples the situation can be
more complex and besides the soft and Goldstone
modes other low-frequency relaxation processes can
be observed namely domain modes (38) or defect
mode (39). In thin enough planar samples the helical
structure can be significantly deformed and unwound
for some critical thickness. In this situation the
dielectric strength and relaxation frequency are
strongly thickness dependent and change with
increasing geometrical restrictions (40).

The dielectric measurements of the present AFLC
(with rather high value of spontaneous polarisation)
embedded in cylindrical pores of Anopore membrane
reveal significant differences with the dynamics of the
relaxation processes present in the bulk. It is know
from previous experiment (/) that for the perfect
orientation of the smectic layers in the cylindrical
pores (helical axis parallel to the measuring electric
field) only one relaxation process related with the
rotation of the molecule around short molecular axis
can be detected dielectrically. Other relaxation
processes as soft or Goldstone mode are then
dielectrically inactive because of the experimental
geometry, but not due to the influence of the
geometrical restrictions. This was proved in the
powdered FLC-Anopore samples (12).

Thus, the presence in the dielectric spectrum of
the confined AFLC of several others relaxation
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processes reveals that the orientation of the smectic
layers is not perfect and that the structure of the
smectic phases in cylindrical pores is strongly
deformed and very complex. As a consequence of
geometrical restrictions a significantly modified soft
mode and Goldstone-like mode are now observed,
with the first one superimposed with the molecular
process. These relaxation processes extend into the
SmCj¥ phase. However, the relatively weak Py and
P; modes present in the bulk AFLC are missing in
confinement mainly due to the geometry of the
experiment although the role of the strong deforma-
tion of the SmC} phase can apparently not be
neglected (47). More decisive results regarding the
structure of the present AFLC in confinement can
be provided by future optical and X-ray experi-
ments.

4. Conclusions

The dynamics of the relaxation processes present in
the investigated AFLC changes considerably under
Anopore confinement. The dielectric strength of the
observed relaxation processes in the AFLC
embedded in cylindrical pores is much reduced
compared to the bulk material. The relaxation rate
of the soft mode increases at the SmA*-SmC* phase
transition, likely as a result of deformation and
compression of the smectic layers. This mainly results
from the strong competition between surface inter-
action and elastic forces in the curved geometry of the
cylindrical pores. Moreover, as a consequence of the
smectic layer deformation the SmA*-SmC* phase
transition temperature Tac is shifted somewhat less
than one Kelvin. Additionally, in LC materials with
high value of spontaneous polarisation subjected to
strong surface interactions a new modulated structure
can be created as a consequence of minimising the
energy of the system. This can be a kind of analogy to
the FLC materials subjected to the influence of a dc
electric field where domain relaxation processes are
observed. Two relaxation processes are observed
throughout the SmC* and SmC¥ phases without
any change in frequency at the SmC*-SmC¥ phase
transition. The relaxation rate of the first process
with lower relaxation frequency depends on the
temperature and behaves near the SmA*-SmC*
phase transition characteristically as the soft mode.
This is indicated both in the temperature dependence
of the dielectric strength and of relaxation frequency.
However, with decreasing temperature the relaxation
frequency of this soft mode also decreases, which can
be the result of the superposition with the molecular
process, related with rotation of the molecule around
short molecular axis. The same situation appears in
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the SmA* phase where at higher temperatures the
molecular process dominates, but close to the
SmA*-SmC* phase transition the soft mode pre-
vails. This competition between the molecular
process and the soft mode in the confinement results
from the distribution in orientation of the smectic
layers in the cylindrical pores, which supports the
existence of the molecular process and at the same
time results in the appearance of the soft mode. The
relaxation rate of the second process is nearly
temperature independent throughout the SmC*
and SmC¥ phases and is much higher than the
relaxation frequency of the Goldstone mode in the
bulk SmC* phase, but lower than the relaxation
frequency of the Py process in bulk. This second
process can be assigned to the phason relaxation in
the strongly deformed and partially unwound
helical structure in confinement.
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