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Dielectric measurements have been carried out on the chiral smectic Ca (SmCa*) phase of a MHPOBC analogous
compound. Two relaxation modes have been observed in this phase for planar orientation of the molecules. One
process has been observed at frequency lower than that of the soft mode of the chiral smectic A (SmA*) phase.
This relaxation process is connected with the helicity of the SmCa* phase. In the high-frequency region, another
relaxation process has been observed in the SmCa* phase for which bias field dependence is similar to that of the
soft mode at the SmA*–SmC* phase transition. The experimental observations are in agreement with a recently
proposed dielectric theory for the SmCa* phase and theoretical dielectric results obtained by numerical
simulations. Thus, we report here experimental verification of two theoretically predicted dielectric modes in the
SmCa* phase.
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1. Introduction

There has been a considerable interest in under-

standing the structure of novel phases possessed by

antiferroelectric liquid crystals (AFLCs). The dis-

covery of subphases was associated with the dis-

covery of an antiferroelectric phase in MHPOBC

(1–3). One variant of the chiral smectic C (SmC*)

phase, the chiral smectic Ca (SmCa*) phase, has been

shown to exhibit an incommensurate nanoscale

helical pitch (4). Different experimental techniques

such as resonant X-ray scattering (4), dielectric

spectroscopy (5–8), optical rotation (9), light scatter-

ing on freely suspended films (10), nonlinear dielectric

spectroscopy (11, 12) and helical pitch measurements

(13) have been used to characterise the structure of

the SmCa* phase. X-ray diffraction data show that

the SmCa* phase is a tilted smectic. On the basis of

resonant X-ray studies, Mach et al. (4) have shown

that the SmCa* phase has incommensurate structure

with a modulation period between five and eight

smectic layers. Recently it has been reported that

modulation period of SmCa* phase varies less than

four smectic layers (14). In spite of the tilt, the phase

is uniaxial and it is not easy to distinguish the SmCa*

phase from a chiral smectic A (SmA*) phase on the

basis of optical studies (2, 3, 13).

Dielectric spectroscopic investigations have

become an important tool to study such systems

because of their capability of providing information

about the individual molecular and collective modes

involved in these phases. In the dielectric spectrum of

the SmCa* phase most often only one collective

relaxation process is observed that exists in the high

kHz region (5–8). The origin of this mode is assigned

to tilt fluctuation of molecules, i.e. a soft mode. In

some materials, a collective mode in the low kHz

region has also been reported and its origin has been

assigned to a Goldstone mode (7, 8). However, from

electro-optical measurements, Bourny et al. have

reported two relaxation modes in the SmCa* phase of

MHPOCBC and their origins are assigned to be soft

and ferroelectric modes, respectively (15). Conradi

et al. have theoretically studied freely suspended thin

films of the SmCa* phase in an external electric field

within the ‘clock model’. They have predicted the

occurrence of n amplitudes and n phase fluctuation

modes for n smectic layers in one helical pitch of the

SmCa* phase (10). They have calculated relaxation

rates in the kHz range for phase fluctuation modes

and several MHz for amplitude fluctuation modes.

Vaupotic et al. have proposed a theoretical model

that describes the dielectric properties of SmCa* and

other chiral phases in bulk on the basis of a discrete

phenomenological model (‘clock model’) (16). They

have predicted two dielectric relaxation processes, i.e.

amplitude and phase fluctuation modes in the SmCa*

phase. They have calculated that relaxation frequency

and the inverse of dielectric strength of the amplitude

mode should increase upon cooling in the SmCa*

phase; however, the relaxation frequency of phase
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modes should be temperature independent. Similar

features have also been reported by Douali et al. by a

numerical simulation method for different values of

azimuthal angle difference (a) between two successive

smectic layers (17). Douali et al. have also carried out

dielectric and azimuthal angle difference (a) measure-

ments on the SmCa* phase and proposed a correla-

tion between dielectric and optical parameters. They

have shown that a Goldstone mode will be dominant

for low values of a ,25u. In this case, a soft mode can

not be observed without application of a bias electric

field. As the value of a increases, the dielectric

strength of the Goldstone mode decreases and the

soft mode contribution is predominant in the vicinity

of the SmA*–SmCa* transition. However, they were

unable to observe these two dielectric modes simul-

taneously at a common temperature as predicted by

theory and numerical simulation results (16, 17).

In this paper, we report the dielectric character-

isation of the SmCa* phase of a room temperature

antiferroelectric liquid crystal, (S)-49-octyloxybiphenyl-

4-carboxylic acid 3-chloro-4-(1-methylheptyloxycarbonyl)

phenyl ester (Cl-MHPOBC) (18). The aim of the

present work was to obtain experimental verification

of the theoretically predicted two dielectric relaxation

modes in the SmCa* phase and their temperature and

bias field dependence.

2. Experimental

Different mesophase transition temperatures were

determined by using differential scanning calorimetry

(DSC, Setaram model DSC 141). Dielectric measure-

ments were carried out using a cell of thickness 5 mm,

the surfaces of which were chemically treated to

ensure planar orientation. The dielectric data of

capacitance (C) and conductance (G) in parallel mode

were acquired with the help of impedance/gain-phase

analyser (Solartron model SI-1260) coupled with a

Solartron dielectric interface (model 1296). A mea-

suring ac electric field of 0.1 Vrms was applied across

the sample in the direction parallel to the smectic

layers. In order to study the bias electric field

dependence of the dielectric permittivity and relaxa-

tion frequency, a dc voltage of 0 to 40 V was

superimposed on the measuring ac field using a SI-

1260 bridge. The cell was also used for texture

studies. The temperature of the sample was con-

trolled with the help of a hot stage (Instec model

HS-1) with an accuracy of ¡0.1uC. The local

temperature near the sample was determined by

measuring the thermo emf of a copper–constantan

thermocouple with the help of a six and half digit

multimeter with an accuracy of ¡0.1uC. Other details

of experimental techniques are discussed elsewhere

(19).

To analyse the measured data, the dielectric

spectra were fitted with the help of the Havriliak

and Negami (HN) equation (18–20):

e�~e0{je00~e0 ?ð Þz
X

i

Dei

1z jvtið Þ 1{hið Þ
h ibi

z
A

vn
z

sion

je0v
{jBvm ,

ð1Þ

where e9 (‘) is the high-frequency limiting value of

the relative permittivity and Dei, ti and hi are the

dielectric strength, the relaxation time (inverse of

angular relaxation frequency) and the symmetric

distribution parameter (0(hi(1) of ith mode, respec-

tively. bi is an asymmetric distribution parameter.

The third and fourth terms in equation (1) are added

due to the presence of electrode polarisation capaci-

tance and ionic conductance at low frequencies,

where A and n are fitting constants (21, 22). sion is

the ionic conductance and e0 (58.85 pF m21) is the

permittivity of free space. The fifth imaginary term

Bvm (22, 23) is included in equation (1) to partially

account for the high-frequency ITO effect, where B

and m are constants since correction terms are small.

An example of mode analysis at 97.0uC using

equation (1) from low- and high-frequency artefacts

is shown in Figure 1. The uncertainty in determina-

tion of the relaxation frequency (fR) and dielectric

strength (De) is less than ¡3% for both modes.

Uncertainties in the determination of the distribution

parameters (h) increases up to ¡10% due to weak

strength, overlapping of two modes and other

artefacts, as discussed above. The value of bi in

equation (1) has been found to be unity at all

temperatures. However, these uncertainties are small

in the SmA* and SmC* phases as compared to

SmCa* phase.

3. Results and discussion

DSC and optical texture studies

DSC thermograms revealing transitions between the

different chiral smectic C phases in the investigated

compound are shown in Figure 2. DSC peaks

corresponding to SmCA*–SmCc*, SmCc*–SmC*

and SmCa*–SmA* transitions have been clearly

observed, whereas the SmC*–SmCa* transition

appears as a shoulder, although it is clear enough

to represent the transition.

The optical textures of the SmA*, SmCa* and

SmC* phases of the compound are shown in Figure 3
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for a planar-aligned sample of thickness 5 mm upon

cooling from the isotropic phase. As can be seen from

Figure 3, complete homogeneous alignment was not

possible in this material and a few defect lines are

observed in all the phases. The SmA*–SmCa* phase

transition did not produce any drastic change in the

texture and only a slight change in the colour of the

texture has been observed. The transition to SmC*

phase, on the other hand, has been easily spotted

due to appearance of unwinding of helix lines

(see Figure 3(c)). The large pitch of the SmC* phase

in comparison to the SmCa* phase led to the

Figure 1. (a) An example of mode separation by simulation of measured data of e9 (open squares) and e0 (open triangles) in
the SmCa* phase at 97.0uC using equation (1). Solid lines with experimental data are fitted curve. Low-frequency corrections
(LFC) due to the electrode polarization and ionic conductance in e9 and e0 data are shown by curves 1 and 2, respectively.
High-frequency corrections (HFC) in e0 data due to the ITO effect are shown by curve 3. Corrected data of e9 and e0 after
subtracting LFC and HFC from the measured data are shown by open crosses and circles, respectively. Vertical arrows mark
a weak relaxation mode on the high-frequency side, which has been masked due to HFC and the presence of another stronger
mode on the low-frequency side. (b) The corrected e0 data (open circles) of (a) have been fitted with two Cole–Cole
mechanisms (solid lines). Two relaxation processes (loss curves) at low and high frequencies are separated mathematically and
shown by open triangles and crosses, respectively.
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appearance of these equally spaced dechiralisation

lines perpendicular to the defect lines (13). Transition

temperatures obtained from DSC and optical texture

studies/dielectric parameters (discussed in forthcom-

ing paragraphs) are slightly different. Such differ-

ences have also been reported earlier and are not

surprising because appearance of these phases and

transition temperatures sensitively depends on the

sample history, surface condition and also on the

thickness of the sample (18). Mode of temperature

change during the different experiment may also be

responsible for the observed difference in transition

temperatures.

Dielectric studies

A detailed discussion of the relaxation processes of

chiral SmC sub-phases and the SmCA* phase has

been published elsewhere (24, 25). We, therefore,

concentrate here only on the relaxation modes of the

SmCa* phase and its two adjacent phases (SmA* and

SmC*). Figure 4 shows various absorption curves at

different temperatures for the SmA* and SmCa*

phases. In the SmA* phase, the dielectric absorption

spectrum contains only one peak, which increases in

strength and its corresponding relaxation frequency

decreases with decrease in temperature. At the onset

of the SmCa* phase (97.6uC), another mode with high

dielectric strength appears in the dielectric spectrum

on the low-frequency side. This mode is coupled with

another weak mode towards the high-frequency side.

This is evidenced by Figure 4, where the right hand

(high frequency) side of the dielectric absorption

curve remains unchanged but expands towards left

hand (low frequency) side upon cooling in the SmCa*

phase. The high-frequency mode could not be

observed clearly due to its weak nature in comparison

to the low-frequency mode, the presence of high-

requency effects and cell relaxation above 4 MHz (see

Figure 4).

However, we were able to obtain the dielectric

parameters related with these two modes by a fitting

process. Initially, low- and high-frequency effects are

subtracted from the experimental data. The corrected

data have then been fitted with one HN mechanism

and two Cole–Cole mechanisms separately. The

deviation (residual plot) of the fitted curves with

corrected data is shown in Figure 5. In the case of

fitting with one HN mechanism, a weak relaxation

process is clearly visible at 100 kHz in the residual

plot. The value of the residual plot is found to be

negative at high frequencies. When the corrected

experimental data have been fitted with two Cole–

Cole mechanisms, excellent fitting has been found, as

shown in Figure 5(b). The residual plot has been

found to be approximately zero and linear at high

frequencies. In addition, the value of relaxation

frequencies also coincide with those obtained from

fitted and residual plots of one HN mechanism.

Therefore, all experimental curves are fitted with two

Cole–Cole mechanisms and results are presented

here.

The dielectric strength (De) and relaxation fre-

quency (fR) of the modes present in the SmA*,

Figure 2. DSC thermograms of Cl-MHPOBC representing transitions between SmA*, SmCa*, SmC*, SmCc* and SmCA*
phases, in the heating and cooling cycles at a scanning rate of 0.2uC min21.

780 M.B. Pandey et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
0
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SmCa* and SmC* phases have been obtained by

fitting process and are shown in Figures 6a and 6b,

respectively. In the SmA* phase, the relaxation mode

(M1) possesses high frequency and low dielectric

strength. On cooling the sample, relaxation frequency

and inverse of dielectric strength (Figure 6(c)) of

mode M1 decreases linearly with decrease in tem-

perature, as predicted by theoretical models (3, 26).

The distribution parameter (h) of M1 has been found

to be approximately zero in the cooling cycle. In the

heating cycle, the value of h is found to be ,0.1. On

the basis of above observations, we assign the M1

process to a soft mode linked with amplitude

fluctuations of the tilt angle h (2, 3, 26).

Tables 1 and 2 show the slopes of the curves of

De21(T) and fR(T) in the heating and cooling cycles.

The slopes of fR(T) in the heating and cooling cycles
have been found to be slightly different for M1. The

small difference in slopes during two cycles are

attributed to different sample history in the heating

(transition from tilted SmCa* to orthogonal SmA*)

and cooling (transition from isotropic liquid to

orthogonal SmA*) cycles.

In the SmCa* phase, two relaxation modes

(M2 and M3) have been observed, as shown in

Figure 6(b). The relaxation frequencies of M2 and

M3 decrease with a decrease in temperature. The

magnitude of variation, i.e. slope, of M3 is large as

compared to that of M2. Discontinuities have been

observed in the plots of dielectric strength and inverse

dielectric strength at the SmA*–SmCa* transition

(Figure 6). Dielectric strengths of M2 and M3

increase with decrease in temperature throughout

the SmCa* phase. The distribution parameter of M2

increases continuously with decrease in temperature

between 0.05 and 0.20, whereas the distribution

parameter corresponding to M3 has been found to

be approximately zero throughout the SmCa* phase.

The values of various dielectric parameters (De,

fR and h) corresponding to M2 and M3 are found

to be approximately same in both heating and

cooling cycles.

In the SmC* phase (in the cooling cycle), relaxa-

tion frequency of M2 becomes invariant (,5 kHz)

with temperature and possesses high dielectric

strength (Figure 6). The distribution parameter has

also been found to be constant (,0.20). On the basis

of its typical behaviour this relaxation process has

been assigned to the Goldstone mode related with the

phase fluctuations of the tilt angle (h). In the case of

M3, no pronounced change has been observed in its

relaxation frequency but inverse dielectric strength
increases with decrease in temperature in the SmC*

phase (see Figure 6). The distribution parameter of

this mode is found to be zero throughout the SmC*

phase. This mode is similar to typical soft mode

behaviour across the SmA*–SmC* phase transition

in ferroelectric liquid crystal materials.

To understand the origin of relaxation processes

in the SmCa* phase, we have carried out dielectric

measurements with a bias electric field. Figure 7

shows dielectric absorption spectra at 97.3uC (below

the SmA*–SmCa* transition) and 97.0uC (close to the

SmCa*–SmC* transition) with bias electric field

varying from 0 to 60 kV cm21. Relaxation frequencies

of modes M2 and M3 remain invariant up to

12 kV cm21. At higher electric fields, the relaxation

Figure 3. Optical textures (1006) of different phases of Cl-
MHPOBC under crossed polariser conditions for planar
aligned sample: (a) SmA* phase at 99.5uC; (b) SmCa* phase
at 97.2uC; (c) SmC* phase at 96.1uC in the cooling cycle.
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process M2 shifts towards the high-frequency side

and its dielectric strength is strongly reduced. The

combined effect of shifting the M2 process to the

high-frequency range, the weak nature of the M3

mode and the dominance of the HFC term above

1 MHz make it difficult to obtain dielectric para-

meters of M2 and M3 within reasonable uncertainty

limits after application of a bias electric field. The M2

process was completely suppressed above a critical

field of 36 kV cm21. This result confirms that the M2

process is connected with the helicity of the phase.

The temperature dependence of the relaxation

frequency and dielectric strength in the SmA*,

SmCa* and SmC* phases at 40 and 60 kV cm21 bias

electric fields are shown in Figures 8 and 9, respec-

tively. With a bias electric field (at 40 kV cm21) the

relaxation frequency and dielectric strength exhibit

minimum and maximum values near the SmA*–

SmCa* transition. De21 and fR exhibit a linear

temperature dependence above and below the

SmA*–SmCa* transition. This behaviour is charac-

teristic of a soft mode, usually evidenced with

measurements under bias electric field in conven-

tional ferroelectric liquid crystals. Hence, the relaxa-

tion process observed under bias electric field could

be attributed to the soft mode below the SmA*–

SmCa* transition. The slope ratios of the straight

lines (see Table 3) fitted to the experimental data

(De21) below and above the SmA*–SmCa* transition

are found to be close to the theoretical value (22.0)

predicted for a soft mode by mean field approxima-

tions (26). However, in the case of fR, the slope ratios

are found to be far from theoretical values. It is

important to mention here that soft mode frequency

should be bias field independent. We have found

similar behaviour in the SmA* phase; where relaxa-

tion frequency (far from transition region) does not

change appreciably due to application of bias electric

field. However, in the tilted smectic (SmCa* and

SmC*) phases, the relaxation frequency changes

drastically due to application of a bias electric field

(see Figure 8).

At the onset of SmCa* phase, two relaxation

modes have been observed at 100 kHz and 32 kHz,

respectively (see Figure 6). Because of high dielectric

strength and distribution parameters, the M2 process

may be considered due to the helicity of the SmCa*

phase. Experiments with a bias electric field also

support this logic. Hence, the origin of this mode is

stipulated as being due to phase fluctuations of the

tilt of molecules. The dielectric strength of M3

without electric field increases in the SmCa* phase

upon cooling and this shows opposite trend as

compared to that of SmC* phase. It should also be

noted that slope of M1 (114.3 kHz uC21) in the SmA*

phase is close to the slope of M3 (101.9 kHz uC21) in

the SmCa* phase. This result indicates that the

SmA*–SmCa* phase transition should be close to

Figure 4. Dielectric absorption spectra at various temperatures in the SmA* (98.3 and 97.9uC) and SmCa* (97.6, 97.3, 97.1,
97.0 and 96.9uC) phases of Cl-MHPOBC. The downward vertical arrow marks a weak relaxation mode at high frequency in
the SmCa* phase, which is not clearly visible due to presence of a stronger mode at low frequency and HFC.
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the tricritical point, as has been pointed out by

Skarabot et al. (27).

According to theory of Vaupotic et al. (16) the

relaxation frequency of the amplitude mode should

increase upon cooling in the SmCa* phase, whereas

the relaxation frequency of the phase mode should be

temperature independent. The variation of relaxation

frequency of mode M3 with temperature (without

bias electric field) does not seem to follow soft

mode behaviour as predicted theoretically (16, 17).

However, variations of the relaxation frequency and

dielectric strength of mode M2 with temperature in

the SmCa* phase have been found to be similar to

those predicted by theory (16). The change in the

value of relaxation frequency and dielectric strength

of M2 with temperature in the SmCa* phase may be

considered due to the temperature dependence of

azimuthal angle difference (a) which decreases with

Figure 5. (a) The corrected e0 data (open circles) of figure 1a fitted with one Havriliak–Negami mechanism (solid lines). The
deviation (residual plot) of fitted curve with corrected e0 data is shown on the secondary y-axis. (b) The corrected e0 data (open
circles) of figure 1a fitted with two Cole–Cole mechanisms (solid lines). The deviation (residual plot) of fitted curve with
corrected e0 data is shown on the secondary y-axis.

Liquid Crystals 783

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
0
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



decrease in temperature and vice-versa. This is

consistent with the numerical simulation results

obtained by Douali et al. (17). It is worthwhile to

mention here that soft mode of the SmCa
* phase are

reported to vary in similar fashion to those of the

SmA* phase, i.e. relaxation frequency decreases with

decrease in temperature, as observed for other

materials (5–8, 17, 28). After application of a bias

Figure 6. Temperature dependence of (a) dielectric strength (De), (b) relaxation frequency (fR) and (c) inverse of dielectric
strength (1/De) of various modes of SmA*, SmCa* and SmC* phases of Cl-MHPOBC in cooling cycles. Vertical broken lines
show the separation of different phases on the basis of dielectric parameters.
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electric field, fR and De21 of M3 increase with

decrease in temperature and follow similar behaviour

as predicted by theory (see Figures 8 and 9). Hence,

the present investigation is in complete conformity

with the theoretical predictions of Vaupotic et al. and

Douali et al. across the SmA*–SmCa* transition (16,

17). Douali et al. have shown that the soft mode

dielectric strength diminishes rapidly to one tenth of

its original value closer than ,0.5uC to the SmA*–

SmCa* transition temperature. In the present work, it

has been found that soft mode contributions decrease

to half their value at ,1.5uC below the transition to

the tilted phase with bias electric field. In previous

studies (16, 17), the authors have presented a theor-

etical model that describes only a particular phase

transition, e.g. SmA*–SmCa* and SmA*–SmCA*.

Table 1. Slopes of De21(T) curves (in uC21) of modes (M1,
M2 and M3) in the SmA*, SmCa* and SmC* phases of
Cl-MHPOBC in heating and cooling cycles.

SmA* SmCa* SmC*

M1 M2 M3 M3

Heating 0.122 0.169 0.225 20.065

Cooling 0.128 0.174 0.234 20.081

Table 2. Slopes of fR(T) curves (in kHz uC21) of modes
(M1, M2 and M3) in the SmA* and SmCa* phases of Cl-
MHPOBC in heating and cooling cycles.

SmA* SmCa*

M1 M2 M3

Heating 125.1 43.2 124.8

Cooling 114.3 40.5 101.9

Figure 7. Effect of bias electric field on dielectric absorption spectra (a) in the SmCa* phase at 97.3uC just below SmA*–
SmCa* transition and (b) at 97.0uC close to SmCa*–SmC* transition for a sample of thickness of 5 mm.
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However, one should note that the signs and the

values of different parameters of free energy equation

taken in in these studies (16, 17) are not arbitrary.

They depend upon the phase sequence of the

compound, the phase transition temperatures and

on the values of tilt angle at the different phase

transitions (29). Hence, there is need of a compre-

hensive theoretical model that describes the dielectric

behaviour of antiferroelectric liquid crystals posses-

sing various chiral smectic phases.

Figure 8. Temperature dependence of the relaxation frequency (fR) at bias electric fields of 40 kV cm21 (open triangles) and
60 kV cm21 (open doumble) in the SmA*, SmCa* and SmC* phases of Cl-MHPOBC. The relaxation frequencies of modes M1

(open circles), M2 (open squares) and M3 (open crosses) observed without bias electric field are also shown for comparison.

Figure 9. Temperature dependence of the dielectric strength (De) at bias electric fields of 40 kV cm21 (open circles) and
60 kV-cm21 (open squares) in the SmA*, SmCa* and SmC* phases of Cl-MHPOBC. Corresponding inverse dielectric
strengths (1/De) are shown by open triangles and doumbles, respectively.

Table 3. Slopes of De21(T) and fR(T) curves of modes
observed with a bias voltage (30.0 V and 20.0 V) in SmA*
and SmCa* phases of Cl-MHPOBC in the cooling cycle for
sample thickness 5 mm.

SmA* (a) SmCa* (b) b/a

30.0 V 20.0 V 30.0 V 20.0 V 30.0 V 20.0 V

fR/

kHz uC21

73.2 76.9 289.5 287.49 21.22 21.13

De/uC21 0.118 0.106 20.241 20.216 22.04 22.04
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4. Conclusions

Dielectric measurements for a planar-aligned sample

in its SmCa* phase reveal two relaxation processes.
The low-frequency mode has been observed between

40 kHz and 8 kHz. It possesses high dielectric

strength. The dielectric strength of the low-frequency

mode decreases with increase in intensity of electric

field and it is suppressed at a critical value of

36 kV cm21. Its origin is stipulated as being due to

phase fluctuations of the tilt of the molecules. The

high-frequency mode possesses small dielectric
strength (,4–8) and its frequency varies between

100 kHz and 32 kHz. After application of bias electric

field, the relaxation frequency and inverse dielectric

strength of the high-frequency mode increases with

decrease in temperature throughout the SmCa*

phase. Hence, this mode is considered to be related

with amplitude fluctuations of the tilt of the mole-

cules, i.e. a soft mode. The experimental observations
support the proposed dielectric theory for the SmCa*

phase on the basis of a ‘clock model’.
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