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We present the characterisation and dielectric relaxation spectroscopy of a ferroelectric liquid crystal (FLC),
namely KCFLC 7S. It was observed that the studied FLC material possesses the tendency of homeotropic align-
ment on glass substrates coated with indium tin oxide. A low frequency dielectric mode, along with the Goldstone
mode, was observed in the SmC∗ phase of the FLC material. The low frequency mode became more dominant
on doping gold nanoparticles into the FLC material. The occurrence of the low frequency mode was attributed
to the ionisation–recombination-assisted diffusion of slow ions present in the FLC material. The behaviour of the
relaxation frequency of the low frequency mode with applied dc bias and temperature was also demonstrated.
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1. Introduction

Ferroelectric liquid crystals (FLCs) have attracted a
great deal of attention from researchers due to their
interesting features such as fast response and wide
viewing angle characteristics [1–3]. Dielectric relax-
ation spectroscopy is a promising tool for investigating
the molecular dynamics in FLCs. The study of the
dielectric relaxation behaviour of liquid crystals (LCs)
provides important information regarding its dipolar
response to external stimulus.

Various dielectric modes have been found to exist
in the smectic C∗ (SmC∗) phase of FLC materials
owing to either collective dielectric processes or the
molecular reorientation processes connected with the
polarisation of the molecules. The main collective pro-
cesses involve Goldstone mode (GM), connected with
the phase fluctuations in the azimuthal orientation of
the director and soft mode due to fluctuations in the
amplitude of the tilt angle [4–6].

Besides these dielectric processes, a number of
other dielectric modes have also been observed in
FLCs. In FLC materials having higher values of
spontaneous polarisation (PS), domain modes have
been investigated [7]. The occurrence of these domain
modes has been attributed to the formation of sur-
face and bulk ferroelectric domains. Uehara et al. [8]
observed a very low frequency mode (<1 Hz) and
attributed it to the space charge accumulation on
the interface of LC and polyimide layer. A thickness
dependent low frequency mode (∼50 Hz) has been
detected in the SmC∗ phase of the FLC material H6/9
[9]. This mode has been attributed to the fluctuations
of the director field modified by a non-homogeneous
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ionic charge distribution across the sample. Havriliak
et al. performed low frequency dielectric measure-
ments in the SmC∗ phase of the FLC mixture named
as Felix 18/100 and observed two separate peaks in the
loss polarisability [10]. They examined the behaviour
of these relaxation modes and found that the relax-
ation frequency has shifted towards low frequency side
and high frequency side on increasing the bias field
and temperature, respectively. Biradar et al. observed
a Debye-like relaxation at very low frequency in non-
chiral LCs. They found that the low frequency mode
was taking place due to space charge accumulation in
the surface alignment layer [11]. In a planar-aligned
FLC cell, four relaxation processes namely Goldstone
mode, domain mode, X mode and molecular mode
have been observed in both the smectic X (SmX) and
SmC∗ phases of the FLC [12].

Recently, dielectric relaxation studies of a surface-
stabilised FLC with a chevron layer structure have
been performed [13]. The authors have carried out the
dynamic equation for collective molecular fluctuations
under a weak alternating electric field and demon-
strated that the chevron cells undergo two Debye
relaxation processes connected with two chevron slabs
on opposite sides of the interface plane. However, the
low frequency dielectric relaxation process of FLCs
seems to be affected by contributions of the ionic
impurities present in the FLC materials. Pandey et al.
studied the dielectric relaxation behaviour of a newly
synthesised fluorinated anti-ferroelectric LC (namely
6F6B) and observed five different modes of dielec-
tric relaxations in different phases of the material [14].
The authors observed a low frequency mode (mode 3)
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showing very strong dielectric strength in SmC∗ phase
and concluded that mode 3 had occurred due to the
combination of the GM and ionic conductance mode.

In the present paper, we report the characterisa-
tion and low frequency dielectric relaxation of a FLC
material, namely KCFLC 7S. The occurrence of a low
frequency mode along with the GM in the SmC∗ phase
of the material is demonstrated. The effect of gold
nanoparticles (GNPs) on the physical parameters and
low frequency dielectric relaxation process of the FLC
material is also discussed.

2. Experimental

The GNPs were synthesised using citrate reduction
method [15] and characterised by high-resolution
transmission electron microscope (HRTEM) (Technai
G20-Stwin, USA). The typical size of the synthe-
sised GNPs was around 20–30 nm. Highly conducting
(∼30 �/�) indium tin oxide (ITO) coated glass plates
were used to make sample cells. The desired electrode
patterns on the ITO substrates were achieved using
a photolithographic technique. The active electrode
area was 0.45 cm × 0.45 cm. The thickness of the
cell was maintained uniformly (from 1.2 to 11.0 µm)
using a photolithographic technique and Mylar spac-
ers, respectively. The doping of GNPs in FLCs was
pursued by adding 72 µl of a dispersion of GNPs in
the FLC material used for a sample cell (2.4 mg). The
homogeneous alignment was obtained on polymer
coated glass plates using a buffing machine (LCBM,
Irwin, USA). The vertical alignment was achieved due
to intrinsic nature of the material (KCFLC 7S) used.
The FLC or GNP-doped FLC materials were filled
in isotropic phase by means of capillary action and
then cooled gradually to room temperature. The phase
sequence of the FLC mixture used is:

cryt
?←→ SmC∗ 730C←→ SmA

100.50C←→ N∗ 114.50C←→ iso.
(KCFLC 7S)

The dielectric studies of the FLC material were per-
formed using an impedance analyser 6540 A (Wayne
Kerr, UK) on the application of low ac measuring volt-
age of 0.5 V. The temperature of the sample cell was
controlled by maintaining the temperature of water
circulating through the sample holder using a Julabo
temperature controller with an accuracy of 0.01◦C.
The temperature-dependent studies were carried out
in a heating cycle. The determination of PS and rota-
tional viscosity (η) was performed using an automatic
liquid crystal tester (ALCT, Instec, USA). For optical
micrographs, the sample was mounted on a polarising
microscope (Ax-40, Carl Zeiss, Germany) and the

transmission of normally incident polarised light
through the sample was observed. The various phase
transition temperatures of FLC material KCFLC 7S
was determined by differential scanning calorimetry
(DSC). The phase sequence of the KCFLC 7S is given
above.

3. Results and discussion

Figure 1 shows the various material parameters at
room temperature such as Ps, η, response time (τR)
and tilt angle (θ ) of the material KCFLC 7S with
applied voltage as this FLC material is newly synthe-
sised. The saturation value of PS (Figure 1(a)) was
observed around 14 nC/cm2, while the magnitude of
η (Figure 1(b)) was observed as 125 mPa.s. The value
of τR was observed to be of the order of millisec-
onds (Figure 1(c)). The saturation value of tilt angle
(θ ) (Figure 1(d)) was observed at around 25◦. The dif-
ferent phase assignments and corresponding transition
temperatures were determined at atmospheric pressure
by DSC.

It was observed that the material KCFLC 7S
favoured a homeotropic (HMT) alignment on ITO
coated glass plates. Figure 2 shows the optical micro-
graphs of KCFLC 7S material filled in different sample
cells in which no surface treatment was made. One can
clearly see a completely dark field of view of the sample
cell under polarising optical microscope (Figure 2(a)),
suggesting that the alignment is HMT. The tendency
of this material to align homeotropically is found to
be thickness dependent. The capability of HMT align-
ment was found to be dominant in thin cells (∼2 µm),
whereas it reduced on increasing the cell thickness as
can be seen from Figures 2(b) and 2(c).

It has been reported that the surfaces of the sub-
strates such as glass, oxides and metals exhibit the abil-
ity to align LC molecules homeotropically [16], but the
alignment in these cases showed a poor reproducibil-
ity and uniformity. Moreover, the material KCFLC 7S
proved its importance in this concern showing a good
uniformity and reproducibility of the HMT alignment
for comparatively thin samples. The HMT alignment
of the KCFLC 7S material was also confirmed by
dielectric relaxation spectroscopy.

Figure 3 shows the behaviour of ε′ of the
homeotropically aligned sample cell filled with
KCFLC 7S at different voltages at room temperature.
It is clear from Figure 3(a) that the value of ε′ is not
suppressed even at higher values of applied voltages,
suggesting the alignment to be HMT. In the case of
the vertical alignment of the liquid crystals, the long
molecular axis is perpendicular to the substrate’s sur-
face, preventing the occurrence of GM and leaving
the only possibility of molecular rotation around their
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Figure 1. Behaviour of (a) spontaneous polarisation (PS), (b) rotational viscosity (η), (c) response time (τR), and (d) optical
tilt angle with applied voltage for FLC material KCFLC 7S at room temperature.

(a) (b) (c)

Figure 2. Polarising optical micrographs of FLC material KCFLC 7S filled in sample cells of thicknesses of (a) 1.2 µm, (b) 3.5
µm, and (c) 11 µm at room temperature (colour version online).

short molecular axis which gives the lower values of
ε′. In addition, on the application of bias, the ε′ value
does not suppress remarkably for the homeotropically
aligned LC cells. In perfect HMT alignment, the fluc-
tuation of tilt angle does not occur and hence the
occurrence of GM is ruled out. In fact, GM is not
the characteristic feature of HMT alignment. It occurs
only in homogeneously aligned geometries. The low
value of permittivity is only due to molecular processes
around the short axis of molecules. This lower value
of permittivity can not be suppressed by a bias electric
field because molecules are standing vertically on sub-
strates. In vertical alignment, the stretching or rotation
of the molecules is less along the short molecular

axis. The molecule does not experience the effect of
bias.

Figure 3(b) shows the behaviour of tan δ for the
vertically aligned KCFLC 7S material, which shows
a sharp relaxation peak at ∼10 kHz frequency that
corresponds to the molecular relaxations due to the
motion of the molecule around its short axis. It is
worth noting that the low frequency dielectric relax-
ation mode (∼25 Hz) also took place in the case of
a homeotropically aligned KCFLC 7S cell. This low
frequency mode is not related to either dipolar relax-
ations (GM mode in planar cell configuration) or
molecular processes around the short axis of molecules
(molecular mode in vertical cell configuration). If it
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Figure 3. Behaviour of (a) dielectric permittivity (ε′) and (b) dielectric loss factor (tan δ) as a function of log of frequency at
different bias fields at room temperature of pure KCFLC 7S material cell of thickness 1.2 μm in vertical alignment configuration.

had been due to a molecular or any other collective
dielectric relaxation process, then it would not have
appeared in both (planar and vertical) alignment con-
figurations. The existence of this mode is discussed in
detail subsequently.

Figure 4 shows the behaviour of ε′ and tan δ of
the FLC material KCFLC 7S with frequency at room
temperature in a planar aligned cell. A weak signature
in the form of a dip in ε′ was observed, suggesting
the occurrence of a low frequency (∼100 Hz) relax-
ation mode along with the GM (Figure 4(a)). Figure
4(b) shows the two relaxation peaks in which the peak
at the high frequency side corresponds to the GM,
whereas the low frequency peak is related to the low
frequency relaxation of the material. This low fre-
quency mode can not be assigned either as GM or the
mode purely due to space charge accumulation near
the substrate surface. The occurrence of this mode
is related to the relaxations of the ionic impurities
present in the material and is discussed later.

The doping of nanostructured materials into LCs
has emerged as a fascinating area of research from the
application point of view. The addition of nanoparti-
cles (NPs) has improved many of the special charac-
teristics of FLCs in the form of non-volatile memory
effect, faster electro-optic response, low driving volt-
age, enhanced photoluminescence, and NPs induced
vertical alignment [17–21]. On the basis of earlier stud-
ies, we doped GNPs into the KCFLC 7S material and
examined their effect on electro-optical and dielectric
relaxation properties. It was observed that the value
of the threshold voltage is reduced remarkably on
the doping of GNPs into the KCFLC 7S material.
However, the value of saturation of PS and η was not
affected much.

Figure 5 shows the behaviour of tan δ of pure and
GNP-doped KCFLC 7S material with frequency at
different temperatures. Figure 5(a) shows the occur-
rence of a low frequency relaxation peak along with

the GM. It was observed that the relaxation fre-
quency (νR) of the low frequency mode as well as GM
shifted towards the high frequency side on increas-
ing the temperature. It is very interesting to see that
the low frequency relaxation peak was resolved clearly
on the doping of GNPs in the KCFLC 7S material
(Figure 5(b)). The amplitude and νR of the low fre-
quency mode was found to increase with increasing
temperature. It was also observed that the ampli-
tude of the low frequency peak nearly equalled the
amplitude of GM at a temperature very near to the
SmC∗–SmA∗ phase transition (TC) and it dominated
over GM mode in the vicinity of TC of the material.

On the basis of these observations, it is clear that
the low frequency relaxation process was resolved by
doping of GNPs into KCFLC 7S. Thus, the occur-
rence of the low frequency peak is related with the
ionic impurities present in the material. Figure 6 shows
the variation of the resistance with frequency at differ-
ent temperatures for pure and GNP-doped KCFLC
7S material. From Figure 6, it can be seen that the
resistance (or ionic conductivity) has been reduced (or
enhanced) on the doping of GNPs into the material.
The reason behind the occurrence of this low fre-
quency relaxation mode lies in the relaxations of the
ionic charges through single particle diffusion of fast
ions and ionisation–recombination-assisted diffusion
of slow ions.

Jin and Kim studied the low frequency dielec-
tric relaxations of a non-chiral (8CB) LC material
[22]. They performed a numerical simulation and con-
cluded that the ionic impurities contribute to low
frequency dielectric relaxations in two separate ways
– from fast ions in the single particle diffusion and
slow ions in the ionisation–recombination assisted
diffusion. They defined a characteristic time (τK) for
the ionisation–recombination process and expected
to observe one single peak shifting to the low fre-
quency side with increasing field strength, due to the
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Figure 4. Behaviour of (a) dielectric permittivity (ε′) and (b) dielectric loss factor (tan δ) as a function of log of frequency at
room temperature of pure KCFLC 7S material cell of thickness 4 µm in planar alignment configuration.

102 103 104 105 106

0.0

0.2

0.4

0.6

0.8

1.0

1.2 (a) 30°C
35°C
45°C
50°C
55°C
60°C
65°C
69°C
70°C
70.5°C
71.5°C

ta
n

 δ

ta
n

 δ

Frequency(Hz)

102 103 104 105 106

Frequency(Hz)

0.0

0.2

0.4

0.6

0.8 30°C
35°C
45°C
50°C
55°C
60°C
65°C
69°C
70°C
70.5°C
71.5°C

(b)

Figure 5. Behaviour of dielectric loss factor (tan δ) as a function of log of frequency at different temperatures of (a) pure
KCFLC 7S material (b) GNP-doped KCFLC 7S material cells of thickness 4 µm in planar alignment configuration.
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Figure 6. Variation of resistance as a function of log of frequency at different temperatures of (a) pure KCFLC 7S material
(b) GNP-doped KCFLC 7S material cells of thickness 4 µm in planar alignment configuration.

ionisation–recombination effect, in the low frequency
regime under the condition ωp < ωn < τK

−1, where
ωp and ωn are the peak frequency of the slow and fast
ions, respectively [22].

In our case, one other relaxation peak correspond-
ing to the GM along with the low frequency peak
was observed as we used a chiral LC system hav-
ing the SmC∗ phase. The low frequency mode in
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Figure 7. Behaviour of dielectric loss factor (tan δ) as a
function of log of frequency at different bias fields at 55◦C
of GNP-doped KCFLC 7S material cell of thickness 4 µm
in planar alignment configuration.

KCFLC 7S material appeared due to the ionisation–
recombination assisted diffusion of slow ions in planar
alignment configuration, which was resolved clearly by
doping of GNPs (Figure 5). This mode also appeared
in the case of vertically aligned (without using align-
ment layer) cells of KCFLC 7S material (Figure 3).
The low frequency mode in vertically aligned cells
appeared due to single particle diffusion of fast ions
and the peak frequency is found to be almost indepen-
dent of applied bias field [22]. The effect of bias field
on the low frequency peak of GNP-doped KCFLC
7S material was observed as shown in Figure 7. It is
clear that the νR of the low frequency mode shifted
towards the low frequency side on increasing the bias
field across the sample.

4. Conclusions

We have characterised a newly synthesised FLC mix-
ture (KCFLC 7S) and studied the low frequency
dielectric relaxation of this material. It was found
that the material KCFLC 7S possesses the capability
of homeotropic alignment on ITO coated glass sub-
strates without any surface treatment. A low frequency
relaxation mode, along with the GM, was detected in
the SmC∗ phase of the material KCFLC 7S as well
as in other FLC mixtures. The low frequency mode
was found to be dominant in GNP-doped FLCs
due to the increased ionic conductivity. The relaxation
frequency of this low frequency mode was shifted
towards the low frequency side by the application
of bias field across the cell. The occurrence of this
low frequency peak was attributed to the effective
ionisation–recombination effect in the low frequency
regime due to presence of ionic impurities in the FLC
materials.
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