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We present the results based on the electrooptic and dielectric studies in cadmium sulphide (CdS) nanorods/ferroelectric liquid
crystal mixtures. Doping of CdS nanorods increases the spontaneous polarization and response time, which due to large dipole-
dipole interaction and increase in anchoring energies exists between nanorods and FLC molecules. Dielectric measurements
revealed a decrease (∼40% for 0.3% CdS in FLC) in permittivity and dielectric strength in doped sample cell than pure FLC
mixture. A decrease in dc conductivity and relaxation frequency with doping concentration was also noticed. The preexponent
factor and fractional exponent factor are found as predicated by existing theories.

1. Introduction

Liquid crystal (LC) devices are indispensable elements of
modern life because of ubiquity of their application like spa-
tial light modulator, optical antennas, and flat panel display
devices [1–7]. Nanomaterials as a doping agent into liquid
crystalline materials have attracted great deal of attention due
to their unique structure and physical properties. Recently,
nanomaterials have been doped into LCs and studied for
improvement in electro-optic and optical properties such
as enhanced photoluminescence, higher polarization, fast
response time, low operating voltage, and improved conduc-
tivity [8–17]. For enhancing the physical properties, a proper
selection of nanomaterials for liquid crystals depends upon
various factors such as size, shape, preparation methods,
surfactant concentration, and amount of doping materials
[18, 19]. The semiconductor nanoparticles (TiO2, ZnO, CdS,
etc.) have been studied for improved physical properties
[20–23]. Kinkead and Hegmann observed that the effect
of size and capping agent and concentration of CdSe and
CdTe quantum dots play an important role to modify the
electro-optic properties [23]. The advantage of nanorods
over other materials is that nanorods are aligned in the

direction of LCs molecules and give more alignment for
better electro-optical responses. Due to the high anisotropic
nature of nanorods, they can be excellent candidate for
the application of optoelectronic devices. Various studies
confirm that doping of nanorods (Cds, ZnS, CdSe, etc.)
into nematic liquid crystals has considerable improvement
in various properties such as optical, structural, electro-
optic, and dielectric [24–29]. Earlier work was emphasized
on nanorods-nematic liquid crystals; however, nanorods-
ferroelectric liquid crystal is rarely reported [30, 31].

In the present paper, an attempt has been made to study
the effect of CdS nanorods on the electro-optic and dielectric
properties in CdS/FLC mixtures.

2. Experimental

Synthesis of cadmium sulphide nanorods Initially cadmium
oxide (CdO, 0.21 g), n-octadecylphosphonic acid (ODPA,
1.07 g) and tri-n-octylphosphine oxide (TOPO, 2.9 g) were
properly mixed and heated under argon at 100◦C and then
evacuated for 1 h to remove any moisture. This mixture was
heated under argon upto 300◦C to give a colourless solution.
Now a solution of sulphur and trioctyphosphine was injected
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50 nm

Figure 1: TEM image of CdS nanorods.

in prepared mixture and the nanocrystals were allowed to
grow for 30 min before removal of the heating mantle. When
the solution achieved a temperature of 60◦C, then 5 mL of
toluene was added. The CdS nanorods were purified 3–5
times by repeated dissolution in toluene: methanol mixture.
The nanorods were stored in toluene. The TEM image of
CdS nanorods (size 7 × 50 nm, width × length) is presented
in Figure 1. The detailed synthesis of CdS nanorods is also
reported in previously published methods [32].

In this study, ferroelectric liquid crystal material
(KCFLC10R, Kingston Chemicals, UK) has been used as host
material. The spontaneous polarization of the FLC material
is 23 nC/cm2, tilt angle is 22◦, and optical birefringence is
0.18 at 25◦C. The phase sequence of material is as follows:

K
5◦C←→ SmC∗ 64.5◦C←→ SmA

99.5◦C←→ N∗ 112◦C←→ I. (1)

Empty LC sample cells of thickness 4 μm were prepared
using indium tin oxide (ITO) coated transparent glass
substrates of sheet resistance 24Ω/�. Four cells assigned as
pure and doped FLC samples were prepared using doping of
CdS in varying concentration of 0.0, 0.1, 0.2, and 0.3 wt/wt%
ratio into FLC. The homogenized mixture of CdS and FLC
was then filled between empty LC sample cells by capillary
action at the isotropic temperature of FLC and finally sealed
using norland optical adhesive (NOA-65). The electrodes
were connected at the ITO surface of the cells using indium
material. The sample cells were kept in a hot stage coupled
with temperature controller (LINKAM-TP 95, THMSE 600)
and can be stabilized to an accuracy of 0.5◦C/min. The
cooling and heating cycles were performed several times
to obtain a better alignment. The change in phases was
analyzed with the help of optical polarizing microscope
(Nikon Eclipse LV100POL). The electro-optical responses
were recorded on a digital storage oscilloscope (Tektronix
TDS2024B). The dielectric measurements were performed
in the frequency range of 50 Hz to 1 MHz using LCR meter
(Fluke- PM6306).
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Figure 2: Typical temperature versus spontaneous polarization for
pure and CdS nanorods doped samples at 30 volts ( f = 50 Hz).

3. Results and Discussion

3.1. Electrooptic Studies. Figure 2 shows the temperature
dependence on spontaneous polarization (Ps) for pure and
doped sample cells at 30 V. It can be inferred from Figure 2
that polarization decreases with increasing the temperature
and follows the first-order phase transition behaviour.
Doping of CdS nanorods (0.3%) in FLC increases the Ps value
∼18% as compared to pure FLC sample. The increment in Ps
value in doped samples is due to contribution of additional
dipole moment by nanorods. Here nanorods get aligned
along the applied field and increase the polarization value.
This increase in Ps is also confirmed by the measurement
of tilt angle (θ), as Ps ∝ θ. The tilt angle variation as
a function of temperature is given in Figure 3. A slight
increase in tilt angle in doped sample has been observed.
This increase in tilt angle shows the strong coupling between
nanorods and FLC molecules, which provides larger dipole-
dipole interaction between them. The higher value of dipole
moment in doped samples shows a corresponding increase in
spontaneous polarization. Figure 4 shows the behaviour of
rotational viscosity (η) with temperature in all sample cells
at 30 V. We found that the η increases with increasing the
concentration of CdS nanorods. It may be due to the increase
in strength of dipolar interaction between the CdS nanorods
and FLC molecules at the interface [21]. The increment in the
tilt angle with respect to nanorods doping in pure FLC also
supports the increase in the rotational viscosity. The electro-
optic response time (τs) is calculated by using the relation

τs = η

Ps · E , (2)

where E is the applied electric field. Temperature dependence
on τs for pure and doped samples at 30 V (50 Hz) is plotted
in Figure 5. τs decrease with increasing the temperature and
nanorods concentration in doped samples than pure FLC
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Figure 3: Behavior of tilt angle with temperature for pure and CdS
nanorods doped samples.
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Figure 4: Variation of rotational viscosity with temperature for
pure and CdS nanorods doped samples.

sample. As both the values Ps and η has been increased
in case of doped samples, the combined effect of increased
value of these parameters results a faster response time in
doped samples (Figure 5). The modification in these electro-
optic parameters in doped sample cells may be explained on
anchoring phenomena. It has been reported that addition
of nanorods increase the surface anchoring and hence
corresponding effect on physical properties such as liquid
crystal response time [25]. The LC response time relation
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Figure 5: Temperature dependence on response time for pure and
CdS nanorods doped samples.

with the anchoring energy in weak and strong anchoring
conditions can be written as [16, 33]

τs = η

Kπ2

(
d2 +

4dk
W

)
For strong anchoring,

τs = 4ηd
Wπ2

For weak anchoring,

(3)

where d cell thickness, k bend elastic constant, and W is
anchoring energy coefficient. In both cases (strong and weak
anchoring), the response time is inversely propositional to
anchoring energies. It means that if the anchoring energy
increases in doped sample cells that may lead to faster
response time as predicated from (3).

3.2. Dielectric Studies. The study of dielectric properties pro-
vides the information of molecular structure and mechanism
of molecular process. Generally during molecular process,
two modes goldstone mode and soft mode appear. Goldstone
mode appears in SmC∗ phase because of phase fluctuation in
the azimuthal orientation of the direction which shows up in
low frequency range, whereas the soft mode dominates over
the goldstone mode near transition temperature of SmC∗

and SmA phase and appears due to tilt fluctuation which is
maximum near the transition temperature. The relationship
between the complex dielectric permittivity can be written as
[34–38]

ε∗ = ε′ − jε′′, (4)

where ε′ is the real part of the dielectric permittivity and ε′′

is the imaginary part. In order to describe complex dielectric
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Figure 6: Temperature dependence on dielectric permittivity in
pure and CdS nanorods doped samples at 500 Hz for (a) ε′ and (b)
ε′′.

permittivity, ε′ and ε′′can be characterized by the following
Debye model:

ε′ = ε∞ +
(ε0 − ε∞)

(1 + ω2τ2)
,

ε′′ = (ε0 − ε∞)ωτ
(1 + ω2τ2)

,

(5)

where ε0 is the low frequency limit of dielectric permittivity,
ε∞ is the high frequency limit of dielectric permittivity, ω is
the angular frequency of applied electric field, and τ is the
relaxation time. The dielectric relaxation spectrum can be

described with the help of the following generalised Cole-
Cole equation as [34, 36, 39]

ε∗ = ε∞ +
∑ (Δε)

1 +
(
jωτ

)1−α +
σ

j∈oωk
, (6)

where Δε, α, and σ are dielectric strength, distribution
parameter, and electric conductivity, respectively. ∈o is
electric permittivity of free space. Temperature dependence
on dielectric permittivities for pure and doped sample cells at
500 Hz is shown in Figures 6(a) and 6(b). Figure 6(a) shows
that in each sample real part of permittivity more or less
increases in SmC∗ up to SmC∗-SmA transition temperature
(Tc). A decrease in permittivity (∼40%) is found in 0.3 wt%
doped sample than pure FLC material. From Figure 6(b), it
can be observed that ε′′ also decreases with increase in con-
centration of CdS nanorods. Frequency dependence behavior
on ε′ and ε′′ at 30◦C is presented in Figure 7. Figure 7(a)
infers that in higher doped samples, ε′ decreases with
increasing the nanorods doping concentration. However, at
higher frequencies (≥ 1 kHz), no significant variation in ε′

has been observed. Figure 7(b) follows a typical absorption
behavior observed for pure and doped samples. It can be seen
from Figure 7(b) that permittivity continuously decreases
with increasing doping concentration. A relaxation mode
which appears at∼300 Hz in pure FLC material slightly shifts
to higher frequency ∼500 Hz for doped samples. Figure 8
demonstrated the Cole-Cole behavior of pure and doped
samples in which only one relaxation mode, that is, goldstone
mode (GM) has been clearly seen. The calculated value of
distribution parameter was found in the range of 0 to 1.
The reduction in distribution parameter with the doping of
CdS nanorods (Figure 8) suggests the Debye type relaxation
behavior [31]. The behavior of relaxation frequency ( fr)
and dielectric strength (ΔεGM) for pure and doped sample
is shown in Figures 9 and 10, respectively. The complete
behaviour of fr and ΔεGM can be represented using Landau
free energy expansion [30]

fr = K33q2

2πη
, (7)

ΔεGM = P2
s

2εoK33q2θ2
, (8)

where K33 is the elastic constant and q is the wave vector of
helical structure of material. From (7) and (8), it is clear that
fr depends only upon the η and q, whereas ΔεGM depends
upon Ps, q, θ, and K33. Out of Ps, q, θ; η also play an
important role in guest host mixture [31, 40]. It is clearly seen
in Figure 9 that value of relaxation frequency decreases with
increasing the concentration of nanorods and corresponding
increase in rotational viscosity. The observed behaviour
of fr follows as suggested in (7). Figure 10 demonstrated
that ΔεGM decreases with increasing the concentration of
nanorods over the pure FLC material. It is observed that
ΔεGM slightly increases with increasing the temperature in
SmC∗ and then drops considerably to low value near Tc.
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Figure 7: Frequency dependence on dielectric permittivity in pure
and CdS nanorods doped samples at 30◦C for (a) ε′ and (b) ε′′.

The frequency dependence on ac conductivity (σac) is given
by the relationship [41–43]

σ ac (ω) = εoε
′′2π f , (9)

σ ac (ω) = σo + Aωn, (10)

where σo is dc conductivity, A is the preexponential factor,
and n is the fractional exponent lies between 0 and 1. The
values of σo, A, and n were obtained by fitting the graph
between ac conductivity and frequency from equation (10).
The effect of nanorods concentration on dc conductivity at
30◦C is shown in Figure 11. Figure 11 shows that σo, A, and
n decrease with doping of CdS nanorods, where n is found
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Figure 9: Behaviour of relaxation frequency of GM with nanorods
concentration in SmC∗ phase.

in the range from 0 to 1. The activation energy (Eτ) for the
dielectric relaxation was obtained by using the following
Arrhenius relation:

τ = τo exp
(
− Eτ
kB · T

)
, (11)

where τ is the relaxation time, τo is the relaxation time at high
temperature, T the absolute temperature, and kB the Boltz-
mann constant. τ is the relaxation time and determined by
the reciprocal of peak frequency as observed in Figure 7(b).
The behaviour of activation energy with concentration
of nanorods is also shown in Figure 12. The maximum
activation energy for 0.3% doped sample over other samples
indicates that high doping sample acquires maximum energy
to realize the rotational motion. The calculated physical
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Table 1: Physical parameters of pure and CdS nanorods doped FLC sample cells at 30◦C.

Samples (CdS nanorods in %) Ps (nC/cm2) τs (ms) η (m Pa s) θ (deg) ΔεGM fr (Hz) Eτ (eV)

0.0 17.6 1.03 135.96 23.1 8.0 218 0.210

0.1 19.7 1.00 147.75 23.7 4.8 212 0.211

0.2 21.3 0.96 153.36 24.1 4.7 161 0.225

0.3 22.9 0.90 155.60 24.4 3.7 157 0.240
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Figure 10: Temperature dependence of dielectric strength for pure
and doped samples.

parameters obtained at 30◦C from the above studies are also
given in Table 1.

4. Conclusions

(i) The effect of CdS nanorods doping into ferroelec-
tric liquid crystal mixture have been studied using
electro-optic and dielectric measurements. Doping
of CdS improves the response time and spontaneous
polarization than pure FLC mixture and is due to
the significant increase in dipole moment of FLC
molecules.

(ii) A decrease in dielectric permittivity (∼40%) was also
noticed in the CdS doped samples than pure FLC
mixture.

(iii) Dielectric strength and relaxation frequency decrease
with increasing the concentration of nanorods and
show a sharp transition near SmC-SmA transition
temperature.

(iv) The activation energy slightly increases with CdS
concentration and has maximum value for 0.3%
doped FLC mixture.
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