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Switching and dielectric relaxation phenomena were investigated for an antiferroelectric liquid crystal, 4,4-(1-
methyloctyloxycarbonyl)phenyl]-49-[3-(butanoyloxy)prop-1-oxy]biphenyl carboxylate, exhibiting chiral smectic
A (SmA*), smectic C (SmC*) and antiferroelectric (SmCA*) phases. Spontaneous polarisations, rotational
viscosities, relaxation frequencies, dielectric strengths and distribution parameters were determined as a function
of temperature. The electric field required for saturation of the spontaneous polarisation increased with a
decrease in temperature. In the SmA* phase, only one relaxation mechanism was observed that behaves as soft
mode. Two relaxation processes were detected in the SmC* phase. A high-frequency relaxation process invariant
at 2.2 kHz was due to a Goldstone mode, but the origin of low-frequency relaxation process (1–20 Hz) is unclear;
however, it may belong to an X-mode. The dielectric spectrum of the SmCA* phase exhibits two absorption peaks
separated by two decades of frequency. The low-frequency peak is related to the antiferroelectric Goldstone
mode, whereas the high-frequency peak originates from the anti-phase fluctuation of the directors in the anti-tilt
pairs of the SmCA* phase.

Keywords: antiferroelectric liquid crystal; spontaneous polarisation; rotational viscosity; response time; dielectric

relaxation; Goldstone mode; soft mode

1. Introduction

The first instance of anticlinic order, identified in a

tilted chiral smectic phase during 1989–1990 (1), posed

new challenges to understand interlayer structures,

layer geometry in devices and electric-field induced

switching mechanisms. Antiferroelectric liquid crystals

(AFLCs) are attractive for use in devices owing to their

tri-state switching behaviour, easy dc compensation,

microsecond response, hemispherical viewing angle

(in-plane switching geometry), grey scale capability

and the absence of ghost effects (2–7). In most AFLCs,

spontaneous polarisation usually decreases with

increasing temperature and vanishes at the transition

between chiral smectic C (SmC*) and smectic A

(SmA*) phases (8, 9); spontaneous polarisation

emerges perpendicular to the tilt plane (10), reflecting

the polar properties of the liquid crystal.

Dielectric spectroscopy is one of the most impor-

tant tools used to study the collective and molecular

dynamics of different phases lying between the

isotropic and the crystalline phases. For example, a

collective process in a paraelectric SmA* phase is

detected in the dielectric permittivity, e’\, which has a

contribution from director tilt fluctuations (soft mode)

(11–13). In the ferroelectric SmC* phase, the e’\,

besides the soft mode, reveals another collective mode

due to phase fluctuations (Goldstone mode) (11–13). In

addition to Goldstone and soft modes, dielectric

measurements have shown the existence of other

relaxation modes in surface-stabilised FLC cells or

under a biased electric field (14–17). The dielectric

spectrum of an antiferroelectric (SmCA*) phase con-

tains two characteristic relaxation modes (PL, PH)

observed in the kHz and MHz regions, respectively

(18–27). In some investigations, the PL process has

been interpreted as non-collective molecular reorienta-

tion around the short axis (18–20]), a process that is

usually observed in the quasi-homeotropic orientation

of tilted smectics. However, other researchers have

interpreted this process as a helical Goldstone mode

due to coupling between the existence of small residual

polarisation in antiferroelectric phase and applied

electric field, dP.E (26, 27). This mode was attributed

to in-phase azimuthal angle fluctuations by Buivydas et

al. (25). Furthermore, Panarin et al. (26, 27) reported

that the PL mode may be due to distortion of an

antiferroelectric helix because of coupling between

dielectric anisotropy and electric field, De.E2.

However, this process can not be detected during

dielectric measurements. The origin of the PH process

is known to be associated with anti-phase azimuthal

*Corresponding authors. Emails: srivastava_anoop@rediffmail.com (A.K. Srivastava); Lsh1@chonbuk.ac.kr (S.H. Lee)

Liquid Crystals,

Vol. 35, No. 9, September 2008, 1101–1108

ISSN 0267-8292 print/ISSN 1366-5855 online

# 2008 Taylor & Francis

DOI: 10.1080/02678290802389563

http://www.informaworld.com

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
S
r
i
v
a
s
t
a
v
a
,
 
A
n
o
o
p
 
K
u
m
a
r
]
 
A
t
:
 
0
9
:
0
6
 
2
4
 
N
o
v
e
m
b
e
r
 
2
0
0
8



angle fluctuations of the director of anti-tilt molecules

in successive layers (25–27). In the MHz region, almost

all the liquid crystalline phases exhibit two high-

frequency molecular processes corresponding to the

molecular rotation of the molecules around their long

and short axes (27, 28).

In this paper, spontaneous switching and detailed

dielectric spectroscopy are reported for a novel

AFLC, 4,4-(1-methyloctyloxycarbonyl)phenyl]-49-[3-

(butanoyloxy)prop-1-oxy]biphenyl carboxylate [MO-

PB(H)PBC], which has the chemical structure shown

in Scheme 1. MOPB(H)PBC exhibits both ferro-

electric (SmC*) and antiferroelectric (SmCA*) phases.

2. Experimental

Different mesophase transition temperatures were

determined using differential scanning calorimetry

(DSC) and polarising optical microscopy (POM).

Spontaneous polarisation (Ps) and rotational viscos-

ity (c) were measured (29, 30) in a planar aligned cell,

with the help of automatic liquid crystal tester

(ALCT), by applying a triangular wave electric field

of 21 V mm21 with a frequency of 8 Hz across a cell

with an active area (A) of 0.25 cm2 and electrode

spacing (d) of 4.7 mm. The ALCT uses the traditional

field reversal technique (29, 30) to determine the

spontaneous polarisation. In FLC/AFLC phases, for

a certain applied voltage, V, the current response, I,

consists of three components: the capacitive term

(IC), the ionic conduction term (IR) and the polarisa-

tion current (IP) due to the charge induced by the

dipole realignment in the form of polarisation hump.

The area under the hump is a measure of the

spontaneous polarisation (Ps), which is given by

Ps~
A V|tð Þ

R Area of the sampleð Þ , ð1Þ

where A(V6t) is the area under the curve in terms of

voltage (V) and time (t) and R5500 kV is the

standard resistance internally connected in the

ALCT. The ALCT directly gives the results of

spontaneous polarisation by selecting the observed

polarisation hump on applied electric field. In

addition, ALCT measurements were also used to

determine the rotational viscosity (c) by using (31)

c~
AP2

s Vm

Imd
, ð2Þ

where Im is the peak value of the polarisation current

observed at voltage Vm.

Dielectric studies of the planar and homeotropi-

cally aligned samples were carried out in the frequency

range from 0.1 Hz to 10 MHz by using an impedance

gain phase analyser (Solartron model SI-1260) coupled

with a dielectric interface (Solartron model SI-1296).

For the dielectric measurements, low-resistance
(,25V/sheet) ITO-coated glass electrodes were used.

Two electrodes (coated with nylon and then rubbed

unidirectionally) of the dielectric cell were separated by

mylar spacers of thickness 10 mm. The active capaci-

tance of the dielectric cell was determined by using

standard liquid cyclohexane and it was cross-checked

by a geometrical method. The temperature of the

sample was controlled with the help of a hot stage
(Instec model HS-1) with an accuracy of 0.1uC. A

measuring electric field of 0.5 Vrms was applied across

the sample through the electrodes.

3. Results and discussion

Peak transition temperatures of MOPB(H)PBC were

determined by DSC at different scanning rates ranging
between 1.0 and 15.0uC min21. Figure 1 shows the

DSC thermogram on cooling at a rate of 2.5uC min21.

It was observed that peak transition temperatures

(Tp) vary linearly with the scanning rate. Using a least

squares fit of Tp with scanning rate (in uC min21),

extrapolated transition temperatures at a scanning

rate of 0uC min21 were determined and taken as true

transition temperatures (32). MOPB(H)PBC was

found to exhibit the following phase sequence on
cooling (extrapolated transition temperatures at a

scan rate of 0uC min21):

I 108:70C SmA1 98:10C SmC1 88:20C SmCA1 51:90C Cr:

Different phases were identified by using POM.

Scheme 1. Chemical structure of MOPB(H)PBC.

Figure 1. DSC thermogram of MOPB(H)PBC on cooling
cycle at a rate of 2.5uC min21.
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Polarisation switching responses

When elastic constants are ignored, the director

motion of the FLC molecules can be described as (15)

c
Lw
Lt

~{PsEsinw, ð3Þ

where w is the angle between dipole and the cell

normal and E is the applied electric field.

Solution of Equation (3) gives the response time

for switching the sample

tr~c=PsE: ð4Þ

tr is the delayed switching time between two stable

states of polarisation (33). In general, a large Ps and

low c are needed for quick electro-optical response.

The switching time was estimated by using Equa-

tion (4). The temperature dependences of the polarisa-

tion switching parameters, Ps, c and tr, are shown in

Figure 2. No anomaly was detected in the Ps and c
curves at the SmC*–SmCA* phase transition. The

continuous line fits the power law

Ps~P0 1{
T

TC

� �b

: ð5Þ

The value of P0 obtained from fittings is

250.1 nC cm22, whereas the estimated value of b was

found to be 0.32, which was smaller than theoretical

value of b50.5 predicted for a second-order transition

(34). The estimated response time was found to be less

than 11 ms over the whole temperature range used in

this study.

The electric field-dependent spontaneous polar-

isation at different temperatures has also been

measured (Figure 3). It is apparent from Figure 3

that a high electric field is required to obtain

saturation of Ps with a decrease in temperature. At

82uC, the Ps saturates at an applied voltage of ,40 V,

whereas at 62uC the voltage required for saturation of

Ps goes up to ,90 V.

Dielectric relaxations

To analyse the measured dielectric data, the dielec-

tric spectrum was fitted using the generalised Cole–

Cole Equation:

e �~e’{je00~e ?ð Þz
X2

i~1

Deð Þi
1z j f

fri

� � 1{hið Þz
A1

f n

{j
si

2pe0f k
{jA2f m

ð6Þ

where e(‘) is the relative permittivity in the high-

frequency limit and Dei, fri and hi are the dielectric

strength, relaxation frequency and distribution para-

meter (0(hi(1), respectively, of the ith mode. The

Figure 2. (a)Variation of the spontaneous polarisation (Ps)
and rotational viscosity (c)of MOPB(H)PBC with tempera-
ture. (b) Variation of response time (t) with temperature.

Figure 3. Variation of spontaneous polarisation (Ps) of
MOPB(H)PBC with applied voltage (V) at different
temperatures.
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third term of Equation (6) represents the contribution

of electrode polarisation capacitance at low frequencies

(35), where A1 and n are fitting parameters.
si

2pe0 f k

accounts for the contribution of ionic conductivity,

with si and k as fitting parameters (usually k51). e0 (5

8.85 pF m21) is the permittivity of free space. The

measured dielectric absorption, e00\, contains a contribu-

tion above 100 kHz due to the finite resistance of ITO-

coated electrodes (36). An additional imaginary term (37),

A2f
m , is empirically added in Equation (6) to partially acc-

ount for this effect, where A2 and m are fitting constants.

Different parameters were estimated by fitting the

experimental curve of real e’\
� �

and imaginary e00\
� �

parts of Equation (6) at different frequencies in the

temperature interval from 103.0uC to 58.0uC.

Variation of the dielectric strength (De) and relaxa-

tion frequency (fr) of different modes with tempera-

ture is shown in Figures 4 and 5, respectively.

The relaxation mode observed in the SmA* phase

was identified as a soft mode on the basis of the

temperature dependence of De and fr. The soft mode

dielectric strength (Des) and relaxation frequency (fs)

in the SmA* phase vary strongly with temperature.

Des
21 is observed to increase linearly with tempera-

ture, as shown in Figure 6.

The values of Des were fitted (12) to the following

Equation in the temperature range 100.1–103.0uC:

e0Des~
e2

0e
2 ?ð ÞC2

�
aTC

T
TC

{1
� �c1

zKq2
0

�
aTC

ð7Þ

where TC is Curie (paraelectric to ferroelectric transi-

tion) temperature, q052p/pitch and
e0e

2 ?ð ÞC2

a
is a

term arising owing to the coupling between tilt and

polarisation. Kq2
0

�
a K~K33{e0e ?ð Þm2
� �

is the tem-

perature-equivalent energy needed to unwind the

helical structure at the SmC*–SmA* transition. C

and m are the coefficients of flexo- and piezoelectric

coupling between director gradient and polarisation,

and between tilt and polarisation, respectively. K33 is

the bend elastic constant and c1 is a critical exponent,

which has been incorporated to account for the

deviation from the linearity in 1/eS, if any. Assuming

that e(‘), C, a, q0 and K are not sensitive to

temperature in the range 100.1–103.0uC, evaluated

values of fitting parameters are listed in Table 1. From

the fitting, c1 is found to be 1, which shows that

material is the following Curie–Weiss law. The cut-off

value of dielectric strength is given by the ratio

Figure 4. Temperature dependence of the dielectric
strengths (De) of various relaxation modes in SmA*, SmC*
and SmCA* phases of MOPB(H)PBC. Vertical arrows show
the transition temperature as obtained by DSC.

Figure 5. Temperature dependence of relaxation frequen-
cies (fr) in SmA*, SmC* and SmCA* phases of
MOPB(H)PBC. Vertical arrows show the transition tem-
perature observed by DSC.

Figure 6. Variation of dielectric strength (De) of
MOPB(H)PBC and its inverse (De21) with temperature
for soft mode in the SmA* phase.
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e0e
2 ?ð ÞC2

Kq2
0

, which is 47.5. Experimentally, the value

of dielectric strength at 100.1uC is found to be 48.8, i.e.

at TC, 1/De50.02 (see Figure 6).

In contrast to the dielectric strength and relaxation

frequency of the soft mode in SmA* phase, the

dielectric strength (,215) and relaxation frequency

(,2.2 kHz) for the high-frequency relaxation mode

(HF) of the SmC* phase are almost independent of the

temperature (see Figures 4–5). Hence, it has been

identified as the Goldstone mode. The dielectric

strength of this mode increases rapidly just below TC

(5100.1uC) and exhibits a maximum at 98.0uC.

Usually this maximum in the dielectric response is

connected with the maximum exhibited by the helical

pitch (37). Another mode (LF), in the low-frequency

region, has also been observed in the SmC* phase. The

relaxation frequency of LF mode initially increases

from 3 Hz at 99uC to 21 Hz at 96uC; however, with

further decrease in temperature, the relaxation fre-

quency of this mode starts to decrease. The dielectric

strength of the LF mode increases from ,330 at 99uC
to ,670 at 91uC. The LF mode has some similarity with

the behaviour of soft mode as its relaxation frequency

increases near the transition temperature TC.

Relaxation frequencies and dielectric strengths are also

strongly temperature dependent. But it can not be the

soft mode, because, below TC, the dielectric strength of

the LF mode increases with decrease in temperature.

Also this mode may not be due space charge

accumulation on the interfaces between liquid crystal

and polyamide nylon coating because space charge

accumulation on the interfaces between liquid crystal

and polyamide nylon coating have been taken care by

the terms A1f2n in e9 and s/2pe0f in e0 in Equation (6)

and, moreover, this mode was observed only in the

SmC* phase. Beresnev et al. (14) have also reported

two modes in the SmC* phase that were connected to

the domain modes (DB and DS modes), but these

modes could only be observed after suppression of

Goldstone mode with biased electric field. The LF

mode may belong to an X-mode caused by distortion

of pretilt angle because an X-mode may appear even in

absence of bias electric field (15–17). Furthermore,

temperature dependent variations of dielectric strength

and relaxation frequency of LF mode are the same as

those reported by Wang et al. (16).

The dielectric spectrum of the SmCA* phase

exhibited two absorption peaks PL and PH separated

by at least two decades of frequency, as shown in

Figure 7. Thermodynamically, it was observed that

the SmC*–SmCA* transition temperature is 88.2uC.

From dielectric measurements, the transition to the

SmCA* phase starts at 90.0uC and completes at

86.2uC. In this temperature range, pre-transitional

effects are manifested such that the relaxation

frequency remains constant (,1.8 kHz) with tem-

perature, and the dielectric strength decreases with

decrease in temperature, as shown in Figure 8. It

seems that in this temperature interval there is a

competition between the structures of SmC* and

SmCA*, prior to transformation of the material to

SmCA*. The PH antiferroelectric mode appeared at

85.6uC; however, the PL mode was visible at around

84.2uC. The relaxation frequencies of both the modes

Table 1. Values of fitting parameters according to equa-
tion (7).

e0e
2 ?ð ÞC2

a
Kð Þ Kq2

0

a
Kð Þ e0e

2 ?ð ÞC2

Kq2
0

TC

(uC) c1

6.74¡0.17 0.1418¡0.0004 47.7 100.1 1

Figure 7. (a) Variation of dielectric permittivity e’\
� �

(a)
and loss e

0

\

� �
(b) with frequency at 75.0uC in the SmCA*

phase of MOPB(H)PBC. Circles of curve 1 show the
experimental data, whereas the continuous line on circles
shows best fitting according to equation (6). In (a), curve 2
represents the low-frequency correction term along with the
e(‘); curve 3 (PL mode) and curve 4 (PH mode) have been
resolved after subtracting the low-frequency correction
terms. In (b), curves 2 and 3 represent the low- and high-
frequency correction terms; curves 4 (PL mode) and 5 (PH

mode) have been resolved after subtracting the low- and
high-frequency correction terms.
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decrease almost linearly with temperature. However,

the dielectric strengths are weakly temperature

dependent. The temperature dependent relaxation

frequency of the both the modes can be fitted to the

Arrhenius law:

f ~f0exp Ea=kBTð Þ, ð8Þ

where f0 is constant parameter, kB (51.386
10223 J K21) is the Boltzman constant, Ea is an

activation energy and T is the temperature in K. PL

and PH modes have activation energies of 1.06 eV,

and 0.30 eV respectively.

Buivydas et al. (21) have reported that the PL

process cannot be connected with molecular reor-

ientation around the short axis, because the relaxa-

tion frequency of this process should be same at

particular temperature for both planar and home-

otropically aligned samples. To verify this, a dielectric

experiment on a homeotropic cell was also per-

formed. A single relaxation phenomenon was

observed over the whole temperature range.

Dielectric absorptions of planar and homeotropically

aligned samples at 77.0uC are shown in Figure 9. The

relaxation frequency for homeotropic aligned sample

is less than that of planar aligned sample at this

temperature, and hence the PL process can not be

connected with molecular reorientation around the

short axis.

The low-frequency mode (PL) of the SmCA*

phase has features typical of a Goldstone mode. It

is well known that a helicoidal superstructure exists in

the SmCA* phase, with anti-tilt pair spiralling in a

specific direction. The c-directors in the adjacent

smectic layers of the SmCA* phase are not completely

anti-parallel to each other, so that there is a slight

imbalance in the local polarisation. This causes

‘antiferroelectric spontaneous polarisation’, dP.

Such ‘antiferroelectric polarisation’ will spiral about

the helical axis, as does polarisation in the ferro-

electric (SmC*) phase (26, 27). Hence, we can expect

the dielectric relaxation process to arise from the

distortion of the antiferroelectric helix, similar to that

of the ferroelectric Goldstone mode, although with a

low dielectric strength, as also observed by Panarin

et al. (26, 27). The high-frequency mode (PH) is

believed to originate from fluctuations of the

directors in the anti-tilt pairs of the SmCA* phase,

where they rotate in opposite phase; hence, it is called

the anti-phase azimuthal angle fluctuation mode (25–

27). In the present work, the dielectric strengths

of PL mode DePL mode~*0:07{0:24ð Þ were found

to be smaller than that of the PH mode

DePH mode~*0:77{1:62ð Þ. On the basis of the

dielectric strengths, we have given the same assign-

ments to PL and PH of the present work as those

suggested by Panarin et al. (27).

Variation of the relaxation frequency in a home-

otropically aligned cell is shown in Figure 10. As can

be seen, the relaxation frequency decreases with

decrease in temperature. Dielectric strength (not

shown in figure) in a homeotropically aligned cell

was nearly constant (,0.4) over the whole tempera-

ture range studied. Therefore, the relaxation process

observed in the homeotropically aligned cell can be

assigned due to the rotational fluctuation of the

molecules about their short axes. The activation

energy, of this mode was found to be 0.99 eV.

Variations of distribution parameters with tem-

peratures for different modes are shown in Figure 11.

The value of distribution parameter for Goldstone

Figure 8. Temperature dependence of dielectric strength
(De) and relaxation frequency (fr) of MOPB(H)PBC in the
temperature range 86.0–96.0uC. In the SmC*–SmCA*
transition region the relaxation frequency is constant,
whereas the dielectric strength decreases with decrease in
temperature, as shown between the vertical dotted lines.

Figure 9. Variation of dielectric loss of MOPB(H)PBC at
77.0uC for planar and homeotropically aligned molecules/
sample.
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mode is ,0.12 and increases near the SmA*–SmC*

and SmC*–SmCA* phase transition temperatures. The

distribution parameter for the soft mode in the SmA*

phase is ,0 and hence exhibits Debye-type relaxation

process. For PL and PH modes, the estimated

distribution parameter is ,0 and therefore these two

modes also follow the Debye-type relaxation process.

Ionic conductivity

The ionic conductivity has been determined in

different mesophases by fitting the fourth term of

Equation (6) to the dielectric spectra. In different

mesophases, it has been observed that ionic conduc-

tivity decreases with decrease in temperature and it

follows an Arrhenius behaviour. Values of ionic

conductivity estimated from Equation (6) in different

mesophases are of the order of 1027–1029 S m21. The

value of ionic conductivity in the SmA* phase is of the

order of 1027 S m21, whereas in the SmC* phase it is of

the order of 1027–1028 S m21. For the SmCA* phase

(including pre-transitional effect), the value of ionic

conductivity is of the order of 1028–1029 S m21. The

activation energy of ionic conductivity has been

derived in different phases using the following relation:

s~s0exp {
Ea

kBT

� �
, ð9Þ

where s0 is a constant. Variation of ln(s) with the

inverse of absolute temperature (1/T) is shown in

Figure 12. Discontinuities are observed at the SmA*–

SmC*, SmC*-pretransitional effects and pretransi-

tional effects-SmCA* phases. The activation energy for

ionic conductance of different mesophases has been

determined with the help of a least squares fit method.

The value of the activation energy in the SmA* phase

is found to be 0.29 eV, whereas in the SmC* and

SmCA* (excluding pre-transitional effect) phases the

values of the activation energies were 0.86 eV and

0.73 eV, respectively. It is interesting to note that

activation energy of ionic conductivity in SmA* phase

is smaller than those of SmC* and SmCA* phases. This

shows that the probability of collisions of ions with

liquid crystal molecules in SmC* and SmCA* phases is

larger than that of the SmA* phase.

Figure 10. Temperature dependence of the relaxation
frequency of MOPB(H)PBC for homeotropically aligned
molecules.

Figure 11. Variation of distribution parameter with tem-
perature in the SmA*, SmC* and SmCA* phases of
MOPB(H)PBC. Vertical arrows show the transition tem-
peratures observed by DSC.

Figure 12. Temperature dependence of ln(s) in the
SmA*, SmC* and SmCA* phases of MOPB(H)PBC.
Rhombuses represent the SmA* phase, squares the
SmC* phase, triangles the pre-transitional effects and
circles the SmCA* phase. Vertical arrows show the
transition temperatures observed by DSC, whereas dashed
lines show the phase transition temperatures observed by
dielectric measurements.
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4. Conclusions

The polarisation switching and electrical properties of

AFLC material MOPB(H)PBC have been investigated.

The material possesses moderate spontaneous polar-
isation (,100–200 nC cm22) and microsecond response

time (1–10 ms). Spontaneous polarisation, rotational

viscosity and response time were found to increase with

decrease in temperature. Dielectric spectroscopy of the

material reveals one relaxation process in the para-

electric (SmA*) phase, which is related to the soft

mode. The soft mode in the SmA* phase follows the

Curie–Weiss law, with a Currie temperature
TC5100.1uC. Two relaxation processes have been

detected in the ferroelectric (SmC*) phase, in which a

high-frequency relaxation (HF mode) is related to the

Goldstone mode, whereas the origin low-frequency

relaxation process (LF mode) may belong to an X-

mode. The dielectric spectroscopic analysis revealed

co-existence of SmC* and SmCA* phases spread over a

temperature interval of ,5uC. Two relaxation modes
observed in the SmCA* phase are due to the collective

phase fluctuation (Goldstone mode) associated with

helicoidal superstructure (PL mode) and collective

rotation of directors in two adjacent smectic layers in

the opposite sense (PH mode). Higher values of

activation energy for ionic conductance in SmC* and

SmCA* phases (,0.8 eV) as compared to SmA*

(,0.3 eV) shows that probability of collisions of ions
with liquid crystal molecules in SmC* and SmCA*

phases is larger than that of the SmA* phase.
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