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Dielectric Spectroscopy of an Antiferroelectric
Liquid Crystal for Two Cell Thicknesses
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The dielectric spectroscopy of an antiferroelectric liquid crystal (S)-4-
(1-methylheptyloxycarbonyl)phenyl-4'-(6-pentanoyloxyhex-1-oxy ) biphenyl-4-
carboxylate for its homogeneous anchoring has been carried out for 10 um and 4 pm
cell thicknesses. This study suggests that the dielectric strength of Goldstone mode
of the SmC* phase is significantly diminished from ~195 to ~69, whereas its relax-
ation frequency is increased from ~2 kHz to ~4 kHz from the higher to lower cell
thickness. Alternatively, these parameters for the soft mode detected in the SmA*
phase and for the two antiferroelectric relaxation modes detected in the SmC’ phase
do not show any appreciable change with the cell thickness.

Keywords Antiferroelectric; dielectric strength; Goldstone mode; relaxation
frequency; soft mode

1. Introduction

Antiferroelectric order has been known to exist in liquid crystals since more than a
decade and is now an intensely studied field of research. The great application poten-
tial of antiferroelectric liquid crystals (AFLCs) [1] has especially been demonstrated
in sophisticated flat panel display prototypes, which have not yet reached manufac-
turing, due to the severe intrinsic problem of folds in the smectic layers, which dras-
tically limit the achievable contrast, and which seems impossible to circumvent. This
problem has been removed to a large extent by using orthoconic antiferroelectric
liquid crystals (OAFLCs) [2]. In general their optical properties make them unique
not only among liquid crystals but among electro-optical materials also. The
AFLC material (S)-4-(1-methylheptyloxycarbonyl)phenyl-4'-(6-pentanoyloxyhex-1-
oxy)biphenyl-4-carboxylate (4H6Bi(S)) belongs to the class of highly tilted AFLCs
synthesized by Dabrowski’s group from Warsaw [3,4]. The molecular structure of
the material is given in the Figure 1.
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Figure 1. Molecular structure of the material 4H6BI(S).

This material possesses high spontaneous polarization and microsecond
response time which is advantageous for its application in displays. The temperature
dependent dielectric spectroscopy and switching study of the material has been
reported in our earlier publications [5,6]. In this paper the comparison of different
relaxation parameters viz. dielectric strength (Ae¢,) and relaxation frequency (fr)
of various relaxation modes has been made for two different cell thicknesses.

2. Experimental

Dielectric spectra of the material have been recorded for its planar alignment in a
parallel plate capacitor made form the ITO coated glass electrodes having sheet
resistance 25Q/, in the frequency range 0.1 Hz—10MHz using impedance/
gain-phase analyzer Solartron (model SI-1260) coupled with a Solartron dielectric
interface (model 1296). The planar anchoring of the molecules was achieved by
depositing a thin layer of polyamide nylon on electrodes and rubbing them unidirec-
tional. Data acquisition process has been repeated for the two cell thicknesses: 10 um
and 4 pm during the cooling cycles with a probing electric field of 500 mVrms. A hot
stage (Instec-HS-1) with an accuracy of +0.1°C and the resolution limit of +0.003°C
has been used to control the sample temperature. The temperature near the sample
has been determined by measuring thermo-emf of a copper-constantan thermo-
couple with the help of a six and half digit multimeter. The measured data have been
analyzed by fitting of the dielectric spectra with the generalized Cole—Cole equation
which is described in detail in reference [5]. The details of experimental technique and
fitting model have been described elsewhere [5,7-11]. Although data have been
acquired upto 10 MHz but above 1 MHz, high frequency parasitic effects are highly
dominant and it could not be possible to extract correct data.

3. Results and Discussions

The dielectric data have been acquired during cooling cycle from the isotropic to the
crystal phase. The compound is found to exhibit three distinguishing smectic phases
viz. paraelectric SmA*, ferroelectric SmC* and antiferroelectric SmC) phases by
analysis of the data.

As already reported in our previous publication various relaxation modes have
been detected during temperature dependent study of the material viz. soft mode
(SM) in the SmA* and SmC* phases, Goldstone mode (GM) and a low frequency
mode (LFM) in the SmC* phase and two relaxation modes separated by two decades
of frequency in the SmC), phase [5]. As an illustration the experimental, fitted and
corrected data (after subtracting the low and high frequency artifacts from the
experimental data) for dielectric permittivity (¢, ) and loss (¢) in the SmC* phase,
have been plotted in the Figures 2(a) and 2(b) for the 10 and 4 um cell thicknesses
respectively. The low and high frequency artifacts are the increase of ¢, and ¢&| at
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the low (below 100 Hz) and high (above 100 KHz) frequencies [8-11]. Which are
reduced by using Cole-Cole equation [5,7].

The variation of ¢, with temperature for various frequencies has been shown in
Figure 3. It is evident from the Figure 3 that ¢, possesses smaller value at all frequen-
cies for the lower cell thickness. Temperature dependences of the A¢, and fg of vari-
ous relaxation modes for the two cell thicknesses have been demonstrated in
Figures 4 and 5. The A¢;, and fg of SM are found to be almost independent of
the cell thickness. The value of A¢;, of SM varies from 0.06 to 6.7 for 10 um thick
cell and from 0.06 to 8.5 for 4 um thick cell in the temperature range 100.2 to
94.2°C [inset-1 of Figures 4(a) and (b)]. And its fg varies in the range 530-60 kHz
for 10 um and 420 — 47 kHz for 4 pym (Fig. 5).

100 -

0
1E+00 1.E+01 1E+02 1.E+03 1.E+04 1E+05 1.E+06
Frequency (Hz)

30

smc’ 4 um (b)
94.1°C

1.E+00  1.E+01 1.E+02  1.E+03  1.E+04 1E+05  1.E+06
Frequency (Hz)

Figure 2. Frequency dependence of the dielectric permittivity (¢, ) (primary axis) and dielectric
loss (¢/]) (secondary axis) for SmC* phase (a) at 93.6°C for 10 um and (b) at 94.1°C for 4 um.
Curves 1, 2 and 3 (primed for (¢/) and double primed for (¢])) represent the experimental,
fitted and corrected data respectively. The LFM, GM and SM represent the ¢ data for these
modes separately after removing the contribution of other modes and the low and high
frequency artifacts. (Figure appears in color online.)
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Figure 3. Temperature dependence of dielectric permittivity (¢/,) in various phases of the

material for (a) 10 um and (b) 4 um thicknesses. Vertical dashed lines indicate the separation
of different phases on the basis of dielectric parameters. (Figure appears in color online.)

In the SmC* phase also, the A, of SM is not much influenced by the variation
of cell thickness. On the other hand, the dielectric parameters (A¢; and fg) of GM
and LFM are largely affected by the cell thickness (Figs. 4 and 5). The plots of
A¢; and fi for GM only have been shown in the Figure 6 for the two cell thickness.
Ag; of GM is highly reduced. It is evident from the maximum value of Ae; of GM,
which is ~192 for 10 um and ~69 for 4 um. This is due to the surface interacting
forces that hinder the phase angle fluctuation of directors in thin cell causing the
helix of the SmC* phase to partially suppress. The relaxation frequency of GM is
~2kHz for the 10um and ~4kHz for the 4pum cell thicknesses as shown in
Figure 6. This result is in agreement with earlier work [12]. This is obviously due
to surface interaction in the thin cell. In the lower thickness, the GM penetrates dee-
per into the SmC} phase to a temperature lower than that of the higher thickness
because of the struggle between the surface anchoring forces and the fluctuation
in the microscopic spontaneous polarization direction.

LFM has been observed only in the SmC* phase and in the coexisting region of
the SmC*-SmC), phases for both the thicknesses. The disappearance of LFM in
other phases is due to shifting of ¢/ maxima of this mode towards the lower fre-
quency side affected by the ionic effects. For the 10 um thick cell, LFM has been
observed around 35-45Hz having very high Ag; (maximum value ~195) which is
comparable to that of GM (maximum value ~192) as depicted in Figure 4(a). While
for 4 um thick cell it is detected around 1-10 Hz with maximum Ag; ~ 334 (>>69;
Ae; of GM). Such behavior of the dielectric parameters of LFM is opposite to the
behavior of the dielectric parameters of GM, i.e., Ae; of LFM is significantly
increased whereas fr is decreased for the lower thickness of the sample cell. T. Ray
et al. attributed LFM due to the inhomogeneous distribution of ionic charges [12].
Moreover, if one assumes that LFM is ionic mode then it must be seen in the
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Figure 4. Temperature dependence of the dielectric strength (Ae¢,) in various phases of the
material for (a) 10 um and (b) 4 um thicknesses. Insets-1 and 2 show expanded view of tem-
perature dependence of the dielectric strength of the relaxation modes of SmA* and SmCj),
phases respectively.

SmA* phase also because SmA* phase shows high ionic conductance due to its
occurrence at higher temperature as compared to the SmC* phase which is not
the case. Hence, LFM can not be ionic mode. Beresnev et al [13] have also
reported two modes in the SmC* phase that were connected to the domain modes
(Dg and Dg modes), but these modes could only be observed after suppression of
Goldstone mode with bias electric field. As this mode appears even in the absence
of the bias field, it may belong to an X-mode caused by distortion of azimuthal
pretilt angle [14,15].

While going from the SmC* to the SmC), phase two relaxation modes (AFM1
and AFM2) appear at temperatures 88.4°C and 87.5°C respectively for 10 um thick
sample. However, these relaxation peaks have been observed rather at lower tem-
peratures (at 86.0°C and 84.4°C) for the 4 um thickness (Figs. 4 and 5). This is
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Figure 5. Temperature dependence of the relaxation frequency (fg) in various phases of the
material (a) 10 um and (b) 4 um thicknesses. Inset of (b) shows enlarge view of temperature
dependence of relaxation frequency (fg) of SM of SmA* and SmC* phases.

because of the effect of surface interaction on the mechanism of transformation of
SmC* phase into the SmC), phase. As discussed earlier surface interacting forces hin-
der the disappearance of Goldstone mode due to coupling between these forces and
the spontaneous polarization in the coexisting region of the SmC* and the SmC}
phases. Hence, GM disappears at lower temperature that’s why AFMI1 and
AFM2 appear at lower temperatures for the lower thickness. The variations of
dielectric strengths of AFM1 and AFM2 for the two cell thicknesses have been
shown in the inset-2 of Figures 4(a) and 4(b). These modes are separated by one
to two decades of frequency as shown in the Figure 5. The relaxation frequencies
of these modes are not significantly influenced by the cell thickness. These modes
have also been found by several other workers for many AFLC compounds
[16-20]. The mode AFMI1 is due to the distortion of the antiferroelectric order
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Figure 7. Cole—Cole plots of various relaxation modes of different phases. Filled symbols indi-
cate data points for the 10 pm while unfilled symbols for the 4 um thicknesses. 1, 2 represent
the experimental data and 3, 4 the corrected data after removing the low and high frequency
corrections. Red line over curves 1 and 2 represents the best fitted curve. (Figure appears in
color online.)
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caused by the antiphase motion and we call it the antiphase antiferroelectric
Goldstone mode [16]. The mode AFM?2 is assigned to the helix distortion mode as
suggested by Panarin et al. [17].

The Cole-Cole plots (for both the thicknesses) have been plotted in the Figure 7
for all the modes existing in the various phases of the compound. The plot shows
that the data points lie on a semicircle with centre below the ¢ axis implying
h > 0. However, the data points deviate from the semicircle for extreme lower and
higher frequency regime.

4. Conclusions

The study of the material 4H6BIi(S) for the two thicknesses suggests that the dielec-
tric strength and relaxation frequency of soft mode is independent of the cell thick-
ness where as that of the low frequency mode and the Goldstone mode are highly
affected by the cell confinement. Due to the surface interacting forces acting on
the phase fluctuation process occurring in the SmC* phase, the dielectric strength
decreases but the relaxation frequency increases for the Goldstone mode with the
decreasing cell thickness. The dielectric parameters of the low frequency mode are
affected in a manner opposite to the Goldstone mode. The dielectric strength and
relaxation frequency of the antiphase antiferroelectric Goldstone mode and the helix
distortion mode are not affected by the cell thickness.
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