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ABSTRACT ARTICLE HISTORY
The behaviour of dielectric relaxation process has been investigated in four ferroelectric liquid Received 14 March 2018
crystal (FLC) materials having different spontaneous polarisation (Ps) values. Ps effect on the Accepted 21 May 2018
permittivity in four different FLCs has been carried out in highly anchored sample cells around KEYWORDS

~8 um thick. It has been found that the main contribution to the dielectric permittivity in chiral Ferroelectric liquid crystal;
Smectic C (SmC¥) phase is due to Goldstone mode (GM) and partially unwound helical mode (p- dielectric; spontaneous
UHM). In higher PS value FLC materials, the p-UHM process is found to dominate the dielectric polarization; phase
properties. It has also been observed that p-UHM process is highly dependent on the probing ac transition

voltage and temperature, whereas GM is found to be weakly dependent of probing voltage and

temperature in SmC* phase of all the studied FLC materials. The influential contribution of p-UHM

has exhibited the dielectric properties in its intrinsic frequency range making the materials

suitable for futuristic display and photonics devices.
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Introduction the fact that there are some basic problems which are
not well understood yet, like alignment of these mole-
cules and molecular dynamics in thick and thin cells
[1-4]. The understanding of the molecular dynamics in
various configurations (thick and thin cells) leads the
materials for practical applications. The dielectric

Chiral Smectic C (SmC*) ferroelectric liquid crystal
(FLC) materials are one of the most promising phases
of liquid crystalline family. However, the devices based
on FLCs are scarcely available in the market because of
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spectroscopy of FLCs plays a crucial role in deciding
the applicability of the FLC material for practical appli-
cation like the alignment (vertical or planar) can be
decided by performing dielectric spectroscopy and
knowing the type of dielectric anisotropy (positive or
negative) and hence influences applied aspects of dis-
play devices. The understanding of collective/molecular
relaxation phenomenon is significant in knowing the
dynamical functionality of FLC molecules in the tech-
nological implementation of FLCs.

The FLC materials for understanding molecular
dynamics are mainly characterised by elctro-optical
and dielectric spectroscopy that reveals mainly two
dielectric modes in SmC* phase, called Goldstone
mode (GM) and soft mode processes. These two
modes appear due to phase fluctuations and tilt angle
fluctuations of FLC molecules, respectively. The soft
mode in SmC* phase appears in very narrow tempera-
ture range near the transition temperature of SmC* to
SmA phase as the tilt angle fluctuations are maximum.
Phason mode (i.e. GM) appears throughout the SmC*
phase having higher dielectric permittivity as compared
to the other processes in this phase. A rich literature on
dielectric processes of FLCs is available where the
behaviour of GM with temperature has been studied
in SmC* phase [5-7]. The ambiguity still persists in the
literature whether the behaviour of dielectric strength
(Ae) of GM process is in the trend of increasing or
continuously decreasing in SmC* phase and in the
vicinity of SmC* to SmA phase transition. This might
be because of the fact that the helical structure in the
sample geometry is not taken into account [8-10].

From application point of view, the surface-stabi-
lised structure FLC has shown potential towards
memory application of FLC materials due to the
suppression of helical structure [11,12]. Dielectric
spectroscopy of FLC material in the confined geome-
try of the aero gels has shown that its Ae is about 1/3
times of maximum Ae of bulk FLC system [13]. The
helical structure within the pores of aero gel is dis-
torted and is supposed to reduce the Ae of the FLC
system. The dielectric relaxation process due to col-
lective director fluctuations close to phase transition
of FLC is observed under the constraint of suppres-
sion of helix. The dielectric increment has been
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found decreasing in SmC* phase when cell thickness
is increased whereas it is found increasing in SmA
phase. The results are attributed as the consequences
of the splayed structure of the FLC layers [14]. These
observations clearly indicate that helical structure is
also a very significant part for understanding the
properties of FLCs.

The geometry of the FLC system could play an
important role in varying the dielectric properties such
as Ae and dielectric relaxation processes. Recently, it has
been observed that helical structure also plays an impor-
tant role in contributing to the dielectric permittivity in
SmC* phase [15,16]. This is due to partially unwound
helical structure called partially unwound helical mode
(p-UHM); of course, this mode is strongly correlated
with phase fluctuation mode.

In present article, we report dielectric behaviour of
our FLC materials [two FLCs and two deformed helix
FLCs (DHFLCs)] in strongly anchored sample cells
systems in which the surface helical structure is par-
tially unwound whereas the bulk helix is supposed to
form complete helical structure. The FLC materials
differ in the spontaneous polarisation (Ps) in SmC*
phase. The materials are chosen that the other para-
meters like thickness of the cell, surface anchoring,
applied electric field and ambient temperature are
kept uniform for all the studied materials. Four FLC
materials were selected of which two are conventional
FLCs and other two are short pitch DHFLC materials.
It has been observed in the present study that the main
contribution to the dielectric permittivity in SmC*
phase is due to GM and partially unwound helix
modes [15]. In low Ps value FLC materials, the GM
contribution is more than p-UHM process, and in
higher Ps value FLC materials, p-UHM process dom-
inates GM process.

Experimental

Four FLC materials having following Ps, pitch values
(h), and viscosity (#;) and phase sequences are given in
the Tablel.

Phase Sequences of materials as determined by dif-
ferential scanning calorimetry (DSC):

Table 1. Various parameters of FLCs and DHFLCs at room temperature (25°C).

Material Ps (nC/cm?) Pitch (um) 20 tilt (25°C) Viscosity at 25°C (mPa.S)
Felix 17/000 (FLC) ~9.5 ~2 51.6° 47
Felix 17/100 (FLC) ~47 ~3 55.1° 116
LAP-1? (DHFLC) ~26 0.8 38° 1000
LAHS-2? (DHFLC) ~47 0.8 46° 2000

Synthesised by Prof. Haase’s Group at Darmstadt, Germany.



168 A. BAWA ET AL.

Felix 17/000 : Cryst. "B mer 8 smA e
84-87°C
«—  Iso.

Felix 17/100 : Cryst. £ SmC* "o SmA "5

84—87°C
N « Iso.

LAP — 1: Cryst. <> SmC* "> smA “4° Iso.

62.5°C

LAHS — 2 : Cryst. <> SmC* & $SmA % Iso.

Here question mark ‘? represents the unavailability
of crystalline to SmC* phase transition tempera-
ture [17].

Highly conducting ITO-coated glass plates (~20 €/
o) were used for making the sample cells. The effective
electrode area of 0.4 x 0.4 cm® was etched by photo-
graphic technique. Nylon (6/6) was coated on the elec-
trode and strongly rubbed along the desired direction
for planar-aligned cells. The two electrodes were
assembled using a Mylar spacer of thickness ~8 pm.
The FLC material was introduced in the cell by means
of capillary action by heating the material at its iso-
tropic phase and cooled slowly to room temperature.
The alignment of the liquid crystal molecules was con-
firmed under crossed polarising microscope (Carl
Zeiss, Axioskop 40A, Oberkochen, Germany) for its
planar alignment. The dielectric measurements were
performed using an impedance analyzer instrument
(Wyne Kerr, precision impedance analyzer, 6540A,
West Sussex, UK) in the frequency range of 20 Hz-
IMHz. The temperature controller (JULABO, 25 HE,
Seelbach, Germany) was used for different temperature
studies, having the temperature accuracy of +0.1°C.
The phase sequence of newly synthesised LAP-1 mate-
rial is confirmed by DSC [Figure 1].

Result and discussion
Dielectric behaviour at room temperature

The dielectric spectroscopy of p-UHM process is presented
in two conventional FLCs and two DHFLCs having differ-
ent Ps values, whereas other parameters like thickness of
the cell, surface anchoring, applied electric field and ambi-
ent temperature are maintained uniform for all materials.
The dielectric permittivity (¢') and loss factor (tand) of
FLCs (Felix-17/000 and Felix-17/100) and two short
pitch DHFLCs (LAP-1 and LAHS-2 [17]) as a function
of frequency in all four materijals at 100 mV probing ac
voltage at temperature have been presented in Figure 2. As
seen in Figure 2(a), the permittivity at low frequency is

0.0 [— LAP-1]
0.5 SmC* SmA Isotropic
-1.0 1 56.5 °C
2
©° 1.5
[T
§20{ oo =
2.5 ;2 =t
g -0.54- o
304 %00
-3.5 1 R N 66.4 °C
20 30 40 50 60 70 80 90 100
Temperature(°C)

Figure 1. Differential scanning calorimetry (DSC) of LAP-1
DHFLC.

around four times more in Felix 17/100 FLC having high
value of Ps as compared to low Ps value material (Felix 17/
000). Even the relaxation frequency in tand and &" for
high-value Ps FLC is observed at higher frequency value
as shown in Figure 2(b,c). Similar is the case for DHFLC
materials having different Ps values as shown in Figure 2
(d-f). If one sees carefully tand versus frequency curves,
Figure 2(b.e), in all the four materials, a single peak is
observed at 100 mV probing ac voltage which is due to
the phase fluctuation mode called GM. The only difference
for high-value Ps materials is the relaxation frequency of
GM appears at higher frequency [Figure 2(e)]. The same
observation is in the result of &” versus frequency, Figure 2
(). However, the relaxation frequency peak in &” is found
shifted to lower frequency value as per the rule

V= Vins Eg—j, where v, is the relaxation frequency

observed from the tand versus frequency curves and v is
the relaxation frequency observed from the &” versus fre-
quency curves. &y, and & are the real part of complex
dielectric permittivity at high and low frequencies. As
seen in figure, the relaxation frequency in FLCs appear in
few hundred hertz, and in DHFLC materials, it appears in
kHz range because of the fact that DHFLC materials have
very high Ps, viscosity and very short pitch value.

The dielectric spectroscopy of FLCs and DHFLCs at
500 mV probing ac voltage at room temperature has
shown an increment in the dielectric permittivity. An
additional relaxation process in DHFLCs as discussed
above, called p-UHM process, is observed at a lower
frequency than GM, Figure 3. In FLCs [Figure 3(a)],
the higher Ps value material Felix-17/100 FLC has
attained higher relative dielectric permittivity value (')
of GM than Felix-17/000. The GM relaxation peak of
Felix-17/100 in tand graph and &” are also at higher
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Figure 2. (Colour online) Dielectric spectroscopy at 100 mV probing ac voltage. (a) real part of dielectric permittivity of FLCs (Felix-
17/000 and Felix17/100), (b) tand as a function of frequency of FLCs (Felix-17/000 and Felix-17/100), (c) Imaginary part of complex
dielectric permittivity of FLCs (Felix-17/000 and Felix-17/100), (d) real part of dielectric permittivity of DHFLCs (LAHS-2 and LAP-1)
and (d) tand as a function of frequency of DHFLCs (LAHS-2 and LAP-1) and (e) imaginary part of complex dielectric permittivity of

DHFLCs (LAHS-2 and LAP-1).

frequency than Felix-17/000 as shown in Figure 3(b,c).
On the other hand in DHFLCs [Figure 3(d)], the LAHS-
2 having higher Ps value has attained a higher value of
permittivity at lower frequency range than lower Ps
value LAP-1.The increase in permittivity in both the
DHFLCs is more than twice at 500 mV probing ac
voltage which means at higher probing field, there
could be some other dielectric process responsible for
the increase in permittivity other than the GM process.
Indeed, the p-UHM is clearly seen in the tand and &”
versus frequency curves [Figure 3(ef)] in both the
DHFLCs [16]. The GM relaxation frequency is in kHz
range but the p-UHM peak is in few hundred Hertz

frequency range. In high Ps value LAHS-2, the magni-
tude of p-UHM process is more than GM which is
responsible for the huge increase in the permittivity at
500 mV probing ac voltage. In low Ps value LAP-1, the
p-UHM process is clearly observed but not as dominant
as in high Ps material as seen in Figure 3(d). The
p-UHM process could not be detected in FLC material
at higher probing field at room temperature as seen in
Figure 3(b). However, at higher temperatures this pro-
cess has been detected clearly in Felix 17/100 which will
be discussed in the further sections. In the observation
so far, it has been found that the effect of surface
anchoring is more conspicuous in high Ps materials.
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Figure 3. (Colour online) Dielectric spectroscopy at 500 mV probing ac voltage. (a) real part of dielectric permittivity of FLCs (Felix-
17/000 and Felix17/100), (b) tand as a function of frequency of FLCs (Felix-17/000 and Felix-17/100), (c) Imaginary part of complex
dielectric permittivity of FLCs (Felix-17/000 and Felix-17/100), (d) real part of dielectric permittivity of DHFLCs (LAHS-2 and LAP-1)
and (d) tand as a function of frequency of DHFLCs (LAHS-2 and LAP-1) and (e) imaginary part of complex dielectric permittivity of

DHFLCs (LAHS-2 and LAP-1).

Temperature-dependent behaviour

The Ae of GM and p-UHM process is studied at two
different probing ac voltages for various temperatures
in SmC* phase of FLC and DHFLC materials. As seen
in Figure 4, the Ae is low at lower temperature (~35°C)
and almost constant with temperature for low Ps value
Felix 17/000 at 100 mV field, whereas for the other
Felix 17/100, the trend is almost the same but the only
difference in high Ps value, that is, the Ae is very large
as compared with low Ps material [Figure 4(a)]. In
DHFLC material, Figure 4(b), the behaviour of Ae is

not as in FLCs at low temperature (~35°C) but it is
observed increasing with temperature and decreases
near transition temperature (T.) shown in Figure 4
(b). This means that there might be active p-UHM
process other than the GM in high Ps value DHFLC
materials resulting into the high Ae just below the T, of
SmC* to SmA phase transition. A reduction has also
been seen in transition temperature as compared to
DSC transition temperature of all materials due to
strong surface anchoring effect, also observed by
Takezoe et al. and Pikin et al. [18,19]
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Figure 4. (Colour online) Dielectric strength of (a) FLCs and (b) DHFLCs as function of temperature at 100 mV probing ac voltage.

Figure 5(a) shows the Ae in FLCs at 500 mV probing
ac voltage for various temperatures. The behaviour of
Ae at 500 mV in low Ps material (Felix-17/000) is
almost the same as that of 100 mV data [Figure 4(a)].
In higher Ps FLC material, the Ae at 500 mV is more
than Ae at 100 mV for the same material. But it is
higher than the lower Ps FLC, which is due to the
contribution from p-UHM process and seen clearly in
the tand versus frequency at higher temperatures (60°C
and 65°C). The relaxation process at higher frequency
is due GM, and at lower frequency, it is p-UHM as

shown in Figure 5(b). The same processes are observed
in the €” versus frequency curves but at lower frequen-
cies as discussed above, Figure 5(c).

In DHFLCs, the Ae at 500 mV probing ac voltage, at
different temperatures, the variation in the properties is
larger as compared to FLCs Figure 6(a). It is interesting to
see in both DHFLCs that at 500 mV applied voltage. The Ae
of DHFLC (LAP-1) is maximum at room temperature (35°
C) and then starts decreasing with temperature. This
means that when both the modes (GM and p-UHM) are
clearly separated, the dielectric permittivity at lower
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Figure 5. (Colour online) (a) Dielectric strength of FLCs at 500 mV, (b) tand at 500 mV as a function of frequency in Felix 17/100 at
different temperatures and (c) the imaginary part of complex dielectric permittivity at 500 mV as function of frequency at different

temperatures.
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frequency at different applied ac probing voltage.

temperature is saturated to maximum and then starts
decreasing with the temperature up to the transition tem-
perature in SmC* phase which is expected because of the
diminishing of helix and phase fluctuations near T.. It is
worth pointing out here that the soft mode process also
appears in SmC* phase, close to T. temperature but its
magnitude is very small as compared with GM process and
is not expected to appear in the current measurement. The
GM and p-UHM processes at room temperature are shown
in both DHFLC materials in Figure 6(b,d) which are taken
at different ac voltages at room temperature. As seen in
Figure 6(b-e), when both the modes are clearly separated,
the dielectric permittivity in SmC* phase is dominated by
p-UHM process and hence its value reaches to high value.

Relaxation frequency of GM, obtained from data of tand
versus frequency is plotted as a function temperature in all
the materials at 100 and 500 mV probing ac voltage as
shown in Figure 7 in SmC* phase. The relaxation frequency
of GM is almost independent of temperature in FLCs and
LAP-1 at 100 mV ac voltage, whereas in LAHS-2, it
decreases with temperature and remains constant near T,
temperature, suggesting that there is another dielectric
process (p-UHM) in high Ps value material [Figure 7(a)].
However, at 500 mV probing voltage, the relaxation fre-
quency of GM process is uniform with temperature in all
the FLC materials [Figure. 7(a,b)] suggesting that the
p-UHM dielectric process is isolated in the extraction of
GM in SmC* phase. A significant observation from all four
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materials is that the relaxation frequency is found decreas-
ing near T..

Figure 8 shows relaxation process of Goldstone and
p-UHM processes in Felix 17/100, LAP-1 and LAHS-2
which are obtained from raw data (tand versus fre-
quency) and plotted as a function of temperature at
500 mV probing ac voltage in all the materials.
However, for low Ps value FLC (Felix-17/000), the
two processes (GM and p-UHM) could not be clearly
separated; therefore, it has not been plotted in

Figure 8. The p-UHM process in another FLC
(Felix-17/100) was detected at higher temperatures
near T, only as shown in Figure 8(a). In DHFLCs
(LAP-1 and LAHS-2), the relaxation frequency of
p-UHM process increases with temperature and
merges with GM at higher temperature in SmC*
phase [Figure 8(b,c)]. As can be seen in Figure 8, the
behaviours of GM and p-UHM in deep SmC* phase,
where the two processes are clearly separated, the two
processes, are weakly dependent on temperature. On
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Figure 8. (Colour online) Relaxation frequency of Goldstone mode and p-UHM processes at 500 mV of (a) Felix-17/100, (b) LAP-1

and (c) LAHS-2.
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the other hand close to T, the two processes are
observed strongly dependent on temperature. The
GM decreases and p-UHM increases rapidly near T,
and finally merges together giving a single resultant
relaxation process in which the two processes could
not be clearly separated. The merging behaviour of
GM and p-UHM process reveals the coupling nature
of two processes under the constraints of strong
anchoring, appropriate sample thickness, polarisation
value and rotational viscosity.

Conclusion

GM behaviour with temperature is hindered due to
the presence of p-UHM in SmC* phase in FLC
materials. The only behaviour of phason fluctuation
(GM) with temperature can be observed when
p-UHM process is isolated from the overall dielectric
permittivity in SmC* phase in higher Ps value FLC
materials. The p-UHM process depends on the Ps
value of the material in the medium thickness
range of highly anchored cells (~8 pum). In low Ps
FLC materials, GM is dominant whereas in high Ps
materials, p-UHM process dominates. However, in
low Ps value FLC materials, p-UHM process can be
detected at high probing field at higher temperature
in SmC* phase.
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