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2.1 Introduction
The compounds selected for study in this dissertation were
characterized by measuring various material constants using different
experimental techniques.

Phases present in the compounds were

identified and the specific transition temperatures were measured by
polarizing optical microscopy (POM) method. The dielectric properties
of the compounds were studied in details using relaxation spectroscopy.
The response time (τ), optical tilt angle (θ), spontaneous polarization
(PS), rotational viscosity (γφ) were measured with the help of electrooptic method. The structural properties of the compounds were
investigated by synchrotron X-ray diffraction techniques. Details of the
above experimental techniques and the theoretical background needed to
comprehend the data are discussed briefly in this chapter.

2.2 The theory of liquid crystals
With the aspiration to explain the phase behaviour and the phase
transitions in liquid crystals, people had tried to develop suitable
molecular statistical theory from the middle of the twentieth century.
However, this has been a challenging effort, due to the presence of
diverse phases in those compounds and for their complex intermolecular
interactions. In 1949 Onsager offered his theory for liquid crystals by
investigating the influence of anisotropy in hardcore repulsion under
excluded volume approximation [1]. Though his theory could match up
with the qualitative description of the characteristics of liquid crystals,
but it failed to do so with quantitative accuracy. Maier and Saupe came
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up with a better theory in 1958-60 for nematics [2,3]. They developed the
theory on the anisotropy of soft dispersion interaction with the mean field
approximation. This theory was found to be more accurate than that of
their predecessors. A molecular statistical theory for Smectic A phase
was developed by McMIllan [4]. But to comprehend the behaviour of
smectic liquid crystals especially the chiral ones, the well-known theory
of phase transition of Landau [5], modified by different scientists has
been used most conveniently till date. As the present dissertation is
focused only on the chiral smectic compounds, only the Landau theory
will be discussed in brief, many books and monographs are available on
theoretical exposition of liquid crystals[6–17].
2.2.1 The Landau-de Gennes theory of liquid crystal
Any theory that deals with a system undergoing a phase transition
usually utilizes the ‘order parameter’, which changes from a finite value
in low temperature phase to zero in the high-temperature phase, with a
continuous or discrete change at the transition point. The free energy of
the system can be calculated as a function of the order parameter and it
can be minimized to obtain the equilibrium condition. According to the
hypothesis proposed by Landau, the free energy of the system near a
second order phase transition can be written as a power series of the
order parameter and its special derivatives with suitable temperature
dependent coefficients.
For ferroelectric SmC* to paraelectric SmA* phase transition the order
parameters are two component tilt vector 𝝃⃗ and in plane polarization 𝑷⃗.
The projections of the molecules in the smectic plane (xy plane) can be
expressed in terms of the tilt order parameter as 𝝃⃗ = 𝝃𝟏 𝒙 + 𝝃𝟐 𝒚 and the
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transverse in-plane polarization can also be written in its component form
as 𝑷⃗ = 𝑷𝒙 𝒙 + 𝑷𝒚 𝒚 [12,13,18].
Following the Landau’s expansion it was attempted to express the free
energy density of in the vicinity of SmC* to SmA* transition in terms of
their order parameters [19] as follows :
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[2.1]

𝑪(𝑷𝒙 𝝃𝟐 − 𝑷𝒚 𝝃𝟏 )

Here, ‘a’ is a temperature dependent term, b is a positive parameter, K33
is the elastic modulus, Λ the coefficient of the Lifshitz term responsible
for the modulation, ε is the dielectric permittivity, µ and C are the
coefficients of the “flexo” and “piezo” electric coupling between the tilt
and polarization and director gradient and polarization respectively.
By minimizing this free energy the equilibrium values of different
parameters were predicted in the said phase transition. However few
discrepancies were observed between the experimental data and the
theoretically predicted values. In 1984 Zeks [20] added a biquadratic
coupling term between the tilt and polarization, in the expression of free
energy. This generalised model fitted better with the static dielectric
experimental data. It was modified later by Carlsson et al.[21] for the
dynamic studies. Finally the expression of free energy for C* to A*
transition was written as:
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Where Ω is the coefficient of biquadratic coupling and η was added to
stabilise the system.
The nature of temperature variation of different dielectric and electrooptic parameters of chiral liquid crystals, having C* to A* transition can
be predicted theoretically by minimizing the free energy given by
equation 2.2 as will be discussed in next few sections.

2.3 Preparation of liquid crystal cells
For most of the applications of liquid crystals, it is required to align
them in particular orientations. There can be mainly two types of
orientations of liquid crystal molecules. When the direction of the
molecular directors are parallel with the direction of measuring electric
field, it’s called homeotropic alignment (HT) and if the molecular
directors are perpendicular to the direction of measuring field, it’s called
homogeneous alignment (HG). There can be other kinds of alignments
also like twisted alignment, pre-tilt alignment etc. In practice, these kinds
of alignments are usually achieved by inserting the compounds inside
specially designed glass cells. Thus to investigate different properties of
liquid crystals under actual LCD conditions, it’s important to prepare the
liquid crystal cells on which experiments can be carried out. These cells
consist of two glass plates, separated by spacers, with a coat of
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transparent and conducting Indium tin oxide layer at the inner surface.
ITO layer serves the purpose of a transparent electrode. On top of th
the
ITO coat, there is a coating of transparent polymer designed to align the
liquid crystal molecules by surface interaction. [22–24].. A schematic
diagram of liquid crystal cell is shown in figure 2.1.

Figure 2.1 Schematic diagra
diagram of a) homogeneously and b)
homeotropically aligned cell. Adapted after ref [25,26].
[25,26]
In the present work polymer coated homogeneous commercial cells
(EHC, Japan),
), with transparent ITO electrodes were used. The sheet
resistance was about 20Ω/□. The cell area was 1 cm2 and thickness
ranged from 5-10μm.
10μm. The desired alignment was achieved by slowly
cooling the sample from the isotropic phase to the required temperature,
often accompanied by an ac voltage. Polarized optical microscopy,
microscopy
dielectric, electro-optic
optic measuremen
measurements and for few compounds
compound small
angle X-ray
ray scattering study were done using these cells.

2.4 Surface stabilized ferroelectric liquid crystal (SSFLC)
As discussed in chapter I, the bulk material in SmC* phase forms a
helical molecular arrangement
arrangement.. Thus macroscopic value of spontaneous
polarization becomes zero, neither the bulk material exhibits bistability
even in SmC* phase. However, Clark and Lagerwall came up with an
artifice [27] which can turn on these characteristics in SmC* phase even
in bulk. As described in the above paragraph, when the FLC compound
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is fed into cell, molecules get aligned due to strong surface anchoring. If
the thickness of the cell is small enough, the helix of the FLC gets
unwind by the surface forces. Thus inside such cells an uniaxial plane of
the compound is formed where only two possible orientation of the
molecular director (where the surface cuts the smectic cone) is allowed,
depending on the direction of external field. It leads to bistability and
macroscopic polarization of the compounds in SmC* phase [14]. This
structure is called surface stabilized ferroelectric liquid crystal (SSFLC).
In most of our experiments we have used this structure.

A schematic

diagram of SSFLC cell is shown in figure 2.2.

Figure 2.2: Schematic diagram of ideal SSFLC cell. Adapted after ref
[28].

2.5 Polarized optical microscopy (POM)
Polarized optical microscopy (POM) is a powerful and easy technique
to determine the phase transition temperatures and to identify different
phases of liquid crystal compounds. Between crossed polarizers, liquid
crystal compounds exhibit optical patterns of different types and of
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diverse colours, which are called textures. This arises due to the
topological defects of the compounds. Different phases have different
types of topological defects and thus have distinguishable textures. Thus
temperature dependent texture observation can reveal the phase sequence
and transition temperatures of the compounds. The detailed account of
different types of textures associated with different phases can be found
in the reference [15,29–31]. It should be noted that a particular phase
may also display different types of textures depending on thickness,
surface treatment and thermal history.
To observe the textures, the compounds were fed into the liquid crystal
cell by capillary action. Then the cells were placed inside Mettler
FP82HT hot stage for thermal insulation and temperature variation. The
temperature was controlled with an accuracy of ±0.1°C with the help of a
Mettler FP90 temperature controller. The textures of the compounds were
observed in between crossed polarizer with the help of a high-resolution
Olympus BX41 polarizing microscope (magnification 10x and 20x)
equipped with a 5MP CCD camera. The detail setup is shown in figure
2.3.

Figure 2.3: The experimental setup for polarizing microscopy
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2.6 Dielectric study
Liquid crystals behave as dielectric medium. Because of different kinds
of charge distribution inside the dielectric materials, there can be field
induced dipole moments inside them, constituent molecules may also
possess permanent dipole moments. However, due to the symmetries in
their structure, often no macroscopic polarization is observed in absence
of any external field (with few exceptions). For example, for SmC*
liquid crystals, as discussed in the previous chapter, because of their
chirality the component of their dipole moment perpendicular to the long
molecular axis doesn’t cancel out and they form a polar smectic layer.
Nevertheless, the chirality itself generates the helical structure which
makes the macroscopic dipole density to be zero. But when a dielectric
material, say for example SmC* liquid crystal, is placed inside an
external electric field, the field distorts and breaks the symmetry and
induces macroscopic polarization. The distortions may be in different
atomic or collective level. The real part of the dielectric constant of any
dielectric

material

measures

the

magnitude

of

deformability

corresponding to different distortion process in the presence of an
external electric field.
When a time-dependent electric field is applied to a dielectric material,
the induced dipoles take some finite time to get into equilibrium with the
applied field. If the frequency of the measuring voltage is high enough,
the slower relaxation processes cannot keep pace with the applied field
and the system becomes dissipative. The phase difference between the
applied field and the induced polarization can be expressed in terms of
the imaginary part of the dielectric permittivity [10,18,32,33].
To study different types of dielectric relaxations, frequency domain
dielectric spectroscopy with temperature as a parameter is a powerful
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method to explore the molecular dynamics or the intermolecular
interactions of the material.

2.6.1 Debye Model
One of the standard models of dielectric relaxation was given by Debye
assuming a simple exponential decay of the relaxation function with a
single characteristic time. According to this model, the complex
dielectric permittivity (ε*) can be written as:
𝜺∗ (𝝎) = 𝜺/ (𝝎) − 𝐢𝜺// (𝝎) = 𝛆 +

𝛆𝟎 𝛆

[2.3]

𝟏 𝐢𝛚𝛕

This is called the Debye equation [34,35]. Here, () and () are
respectively the real and imaginary parts of the complex dielectric
permittivity at frequency ω, ε0 and ε∞ are the low (static) and the highfrequency limit of the real part of dielectric permittivity. The difference
ε0 - ε∞ is also called the dielectric increment (Δε). τ is the relaxation time
of the relaxation process which is related to the corresponding relaxation
frequency (f) with the relation τ = 1/2πf.
By separating the real and imaginary parts of the complex dielectric
permittivity from equation 2.3 it can be written as:
𝜺/ (𝝎) = 𝜺∝ +
𝜺// (𝝎) =

𝜺𝟎 𝜺∝
𝟏 (𝝎𝝉)𝟐

𝜺𝟎 𝜺∝
𝟏 (𝝎𝝉)𝟐

𝝎𝝉

[2.4]
[2.5]

The highest value of ε//(ω) is observed when ωτ=2πfCτC=1, that means
when the frequency of the measuring field matches with the natural
frequency of the relaxation process. The corresponding frequency (fC) is
called the critical frequency.
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The highest value of ε//(ω) at the critical frequency, as can be obtained
from equation 2.5, is
//

𝜺// (𝝎) = 𝛆𝐦𝐚𝐱

𝜺𝟎 𝜺∝
𝟐

[2.6]

A representative curve showing the variation of the components of
dielectric constants as a function of frequency, in logarithmic scale is
shown in figure 2.4.
The frequency curve of the real and imaginary part of dielectric constants
are usually called the dispersion curve and the absorption curve
respectively.

Figure 2.4: Typical dielectric spectra of Debye type dielectric material
Dielectric spectra can also be represented by plotting ε// as a function of
ε/ for different frequencies as shown in figure 2.5. This is known as the
Cole-Cole plot. For ideal Debye type material Cole- Cole curve should be
an exact semicircle with centre at ((ε0+ε∞)/2, 0) and radius (ε0-ε∞)/2.
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Figure 2.5: Cole-Cole plot for Debye type spectra.

2.6.2 Cole-Cole model
In 1941 K. S. Cole and R. H. Cole pointed out that the dielectric
relaxations of many systems particularly molecules with long chains,
polymers etc. deviate considerably from Debye’s model. They exhibit a
broader dispersion curve and lower the maximum loss than what was
predicted by Debye’s model. Hence the Cole-Cole plots of those
compounds reduce inside the Debye’s semicircle. [31,27,28,30,32]
To describe the dielectric behaviour of such materials Cole and Cole
hypothesized that the idea of single relaxation time of Debye, doesn’t fit
well for them. Rather the relaxation times of such long molecules are
distributed statistically around a most probable value. They had modified
the Debye’s formula and suggested the following equation:

𝜺∗ = 𝜺/ − 𝒊𝜺// = 𝜺 +

∆𝛆
𝟏 (𝒊𝝎𝛕)𝟏 𝛂

[2.7]

Here α is a parameter responsible for the symmetric distribution of the
relaxation times and other parameters are already defined before [37].
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Separating the real and imaginary part, it can be shown that the
maximum value of () is given by:

∕∕

𝜺 (𝝎𝑪 ) =

//
𝜺𝒎𝒂𝒙

=

𝟐

𝝅𝜶
𝟐
𝝅𝜶
𝒔𝒊𝒏
𝟐

𝒄𝒐𝒔

𝜺𝟎 𝜺
𝟏

[2.8]

For small values of the α, one can write
//

𝜺𝒎𝒂𝒙 ≅

𝜺𝟎 𝜺

[2.9]

𝟐 𝜶𝝅

Thus it is clear that for non-Debye material the absorption peak is
lowered and broadened.
To consider the low-frequency parasitic effect equation 2.7 can further
be modified and the final expression for the modified Cole-Cole function
can be written as [10]
𝜺∗ = 𝜺/ − 𝒊𝜺// = 𝜺 +

∆𝛆
𝟏 (𝒊𝝎𝛕𝟎

)𝟏 𝛂

−𝒊

𝝈

[2.10]

𝝎∈𝟎

Where τ0 is the most probable relaxation time related to the critical
frequency, σ is the conductivity related to the motion of charge carriers
which contributes mainly in the low frequency regime and ∈ is the free
space dielectric permittivity. The real and imaginary parts can easily be
separated and the following expressions are found:
𝟏
𝟏 (𝝎𝝉𝟎 )𝟏 𝜶 𝐬𝐢𝐧( 𝝅𝜶)

/

𝜺 (𝝎) = 𝜺 + ∆𝜺

// (𝝎)

𝜺

= ∆𝜺

[2.11]

𝟐

𝟏

𝟏
𝟐(𝝎𝝉𝟎 )𝟏 𝜶 𝐬𝐢𝐧( 𝝅𝜶)
𝟐

(𝝎𝝉𝟎 )𝟐(𝟏 𝜶)

𝟏
(𝝎𝝉𝟎 )𝟏 𝜶 𝐜𝐨𝐬 𝝅𝜶
𝟐

𝟏 𝟐(𝝎𝝉𝟎 )𝟏 𝜶 𝐬𝐢𝐧

𝟏
𝝅𝜶
𝟐

(𝝎𝝉𝟎 )𝟐(𝟏

+
𝜶)

𝝈
𝝎𝝐𝟎

[2.12]

If the material shows multiple relaxations with different relaxation
times, then equation 2.10 can be rewritten as:
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𝜺∗ = 𝜺/ − 𝒊𝜺// = 𝜺 + ∑

∆𝜺𝒌
𝟏 (𝒊𝝎𝝉𝒌 )𝟏 𝜶𝒌

− 𝒊

𝝈
𝝎∈𝟎

[2.13]

Here, the subscript ‘k’ represents the parameters for kth mode of
relaxation.
In this dissertation modified Cole- Cole function was used to fit the
observed dielectric spectra. In some cases we had to fit more than one
relaxation processes as shown in figure 2.6. Further, it is worth
mentioning that to accommodate the contribution of free charges and ITO
layer sometimes in the conductivity part “” is taken as 2πfn instead of
2πf [38], where n is a fitting parameter. However, in all compounds
studied in this dissertation the behaviour of the cell in low frequency is
ohmic and thus the value of “n” reduces to “1”. In the third chapter the
fitted value of n has been shown for the compound 1F3R. In rest of the
thesis n has been taken to be 1.

Figure 2.6: Cole -Cole type spectra
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2.6.3 Modes of dielectric relaxations in chiral liquid crystals
Mainly two types of dielectric relaxations are observed in chiral liquid
crystals: non-collective and collective modes of relaxations.
2.6.3.1 Non –collective relaxation
In this category also two kinds of relaxation behaviour are observed.
The first one is related to the rotation of the molecules about its short
axis, it is usually observed in ~1010 Hz range. The second type of noncollective relaxation is related to the rotation of molecules about its long
axis. The characteristic frequency of this relaxation is in 107-109 Hz
region. For most of the compounds these non-collective relaxations fall
beyond our observed frequency window. Thus, this thesis dealt with
mostly the collective modes of relaxations [10,18,39].

2.6.3.2 Collective modes of relaxation
Only one collective mode of relaxation is observed in SmA* phase
which is known as soft mode relaxation (SM), also known as amplitudon
mode. This mode is connected with the tilt fluctuation of the molecular
directors. This mode can also be observed even in SmC* phase, in the
vicinity of SmA* to SmC* transition in some compounds. It is a strongly
temperature dependent mode which is usually observed in the region of
few hundred kHz. The dielectric increment of SM (ΔεSM) is another
temperature dependent quantity, whose magnitude is much smaller as
compared to the dielectric increment of other collective modes.
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But the most commonly observed collective mode of relaxation in the
SmC* phase is called the Goldstone mode relaxation (also known as
phason mode), that originates due to the phase fluctuations of the
molecular directors. The critical frequency of GM relaxation is in the
order of lower kHz. But the dielectric increment (ΔεGM) of this mode is
much higher than that of SM. So often the soft mode is masked by the
goldstone mode in SmC* phase. However, under sufficient DC bias, GM
relaxation can be suppressed as a result of unwinding of the SmC* helix,
but SM remains as it is. By this method even a weak SM can be observed
in SmC* phase in a substance whose GM is much stronger than SM.
These two relaxation modes are schematically shown in figure 2.7.

Figure 2.7 : A schematic diagram of both GM and SM relaxation
observed together.
In the second order SmA* to SmC* phase transition, the continuous
symmetry group of SmA* (D∞) spontaneously breaks into C2, the
symmetry group of SmC*. Thus soft mode is a symmetry breaking mode
which slows down while approaching the transition from above but the
43

Chapter II
GM relaxation tries to restore the broken symmetry. That is why the SM
splits into the amplitude mode (SM) and the phase mode (GM) in SmC*
near the C* -A* transition. [10,14,18,40,41].
The nature of temperature variation of critical frequency and dielectric
increment of SM and GM can be predicted using modified Landau
expression of free energy (equation 2.2). To elucidate their temperature
𝟏

dependency Carlsson et al.[21]

had defined a parameter 𝜷 =

𝜼𝟐 𝑪𝜺𝟎 𝜺
𝟏

𝛀𝟐

where, the tilde denotes normalised forms of the parameters. It is a
measure of the ratio of bilinear and biquadratic coupling between the tilt
and polarization in equation 2.2. The theoretically predicted temperature
dependence of critical frequency and dielectric increment of the
collective modes, depend strongly on the relative strength of bilinear and
biquadratic coupling of the tilt and polarization in the expression of
Landau free energy as shown in figure 2.8.

Figure 2.8: Theoretically predicted temperature variation for different β
of a) dielectric increment of GM b) dielectric increment of SM C) critical
frequency of GM d) critical frequency of SM. Adapted after ref [ 12]
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In the tilted hexagonal chiral phases (SmI* and SmF*) the collective
relaxations are mainly dominated by two mechanisms. As described in
the first chapter, these phases have long-range bond orientation order
(BOO) along with the molecular tilt. Depending on the coupling of tilt
and BOO the phason mode of relaxation splits into two distinct
relaxations in these phases: tilt angle phason and BOO phason [42–45].
As suggested by Rychetsky´ and Glogarova [43], a stronger BOO phason
results in the softening of the frequency near SmC* to SmF*/SmI*
transition following an increase in permittivity and decrease in critical
frequency. Conversely, the tilt angle phason mode causes a decrease in
permittivity and an increase in critical frequency.
2.6.3.3 Maxwell Wagner relaxation
Sometimes a low-frequency relaxation is observed in a heterogeneous
structure if at least one of the materials has non-zero electrical
conductivity. Polarization may occur due to the accumulation of charges
in the interface, which can cause relaxation. This is called Maxwell
Wagner (MW) relaxation [10]. If the liquid crystal sample, taken inside a
dielectric cell, have high conductivity, at times charges may accumulate
in between the liquid crystal material and the polymer coating of the cell.
This may contribute a MW relaxation in the dielectric spectrum. MW
relaxation can be suppressed by a sufficient DC bias. It can be
distinguished from the other characteristics relaxations of LCs by looking
at the frequency range and also by the fact that MW sustains even in the
isotropic phase. [10,46]
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To perform the dielectric measurements, impedance analyzers Hioki
3532-50 (for frequency range 40Hz- 5 MHz) and Hioki IM3533 (for
frequency range 0.1 MHz- 270 KHz), equipped with data acquisition
system through RS232 interface to a computer, were used. The
temperature was controlled within an accuracy of ±0.1°C with the help of
FP82HT hot stage and Mettler FP90 temperature controller. The
experimental setup is shown in figure 2.9.

Figure 2.9: Experimental setup for dielectric measurement.
The maximum error involved in the measurement of dielectric
permittivities by this process was calculated to be less than 1%.

2.7 Synchrotron X-ray Diffraction Study
X-ray diffraction study is extremely useful to identify and classify the
mesophases of liquid crystals and to elucidate their structural properties.
Due to their intrinsic structural arrangements different mesophases have
distinguishable X-ray diffraction patterns [13,47–52]. The major traits of
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the X-ray
ray diffraction pattern of two smectic
mectic phases, which are oriented
normal to the incident X
X-ray beam, are shown in figure
igure 2.10.
2.
To
compare, the actual diffraction photographs are also shown in figure
2.11. The
he diffraction photographs consist of one low angle meridional
and one high angle equatorial diffraction maxima. The lower and higher
angle features correspond to the correlation of molecules along the
molecular director and ordering within the layers respectively from
which one can calculate the layer spacing (d) and the intermolecular
distance (D).

Figure 2.10:: Schematic diagram of X
X-ray
ray diffraction photographs of a)
SmC phase and b) SmA phase.
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Figure 2.11:: Observed X
X-ray
ray diffraction photograph of a) SmC* and b)
SmA* phase of a chiral liquid crystal mixture.
It may be mentioned here that by conventional X
X-ray
ray diffraction
technique it is possible to distinguish only those liquid crystal phases,
which differ in their packing, but not those which differ just by
orientation of molecules in successive layer. For example ordinary X-ray
X
scattering cannot differentiate between SmC* and SmC*A phases or
smectic phases of chiral and achiral compounds. These phases can be
distinguished by resonant X
X-ray
ray scattering experiment which was not
performed
ed in this dissertation [53].
The average lateral distance between the molecules (D) was calculated
from
rom the higher angle equatorial maxima using equation 2.14 [54].
𝟐𝑫 𝒔𝒊𝒏𝜽 = 𝒌𝝀

[2.14]

Here, θ is the Bragg’s angle for the higher angle diffracti
diffraction, λ is the
wavelength of the X--ray
ray beam and k is a constant which arises due to
cylindrical symmetry and whose value is 1.17 for the perfectly ordered
state.
Similarly, the layer thickness (d) can be calculated using equation 2.15.
2.1
[2.15]

𝟐𝒅 𝒔𝒊𝒏𝜽 = 𝝀

Here, θ is the Bragg angle of the meridional maxima.
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The Bragg angles were determined by fitting the corresponding
intensity profile to a Lorentzian of the form:
𝑳(𝒙) = 𝒚𝟎 +

𝟐𝑨

𝝎

𝝅 𝟒(𝒙 𝒙𝟎 )𝟐 𝝎𝟐

[2.16]

Where, y0 is the minimum value of y (here minimum value of intensity),
A is the area under the curve, ω is the full width at half maxima and x0 is
the value of x (here value of angle) for which y is maximum.
As a representative example, the fitted intensity profile at low and high
angle of one compound is shown in figure 2.12.

Figure 2.12: Fitted intensity profile of SAXS data a) at low and b) high
angle.
For tilted phases like SmC* phase, the tilt of the molecule is usually
calculated, using equation 2.17.
𝜽𝒙𝒓𝒂𝒚 = 𝒄𝒐𝒔

𝟏 𝒅
𝐝𝐀

[2.17]

Here dA is the maximum layer spacing in SmA* phase. However most of
the compounds selected in this study melt directly to isotropic phase from
SmC* phase. Thus the tilts of the molecules in these compounds were
calculated idealizing the molecules as rigid rods, using equation 2.18.
𝜽𝒙𝒓𝒂𝒚 = 𝒄𝒐𝒔

𝟏𝒅
𝒍

[2.18]

Here l is the optimised molecular length of the molecule.
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Even in compounds where SmA* phase is present above SmC* phase,
equation 2.18 was used to calculate the tilt to make comparison with
other compounds on equal footing. Only in case of the formulated
mixture and its dopant equation 2.12 was used, as it was not possible to
find the effective optimised length of mixing molecules.
The length scale over which the correlation between the molecules
exist, both within and across the smectic planes, can be calculated by
estimating the correlation length (ξ). It was calculated using equation
2.19 [55].
𝝃=

𝟐𝝅

[2.19]

𝑭𝑾𝑯𝑴

where FWHM is the full width at half maxima at the scattering vector Q
in the relevant Bragg’s peak which was determined by fitting the
intensity profile to a Lorentzian function as stated before.
For hexagonal mesophases and soft crystal phases, additional peaks can
be observed due to their long-range bond orientation order. By indexing
the peaks, the cell parameters of such phases can be calculated from the
diffraction photographs [56,57].
X-ray scattering experiments were performed using PETRA III
synchrotron beamline at P07 Physics Hutch station at Deutsches
Elektronen-Synchrotron (DESY), Hamburg, Germany within an angular
range 2θ = 0 - 5°. For some compounds Lindeman glass capillary of
diameter 1.0 mm was used as sample holder, other compounds were
taken inside a dielectric cell. In both cases, samples were filled by
capillary action in the isotropic phase and alignment was achieved by
slow cooling. For the samples taken inside the dielectric cell, the X-ray
beam was directed through the cell gap to avoid absorption from the
glass. It was done by mounting the liquid crystal cell on a stage whose
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orientation could be controlled very precisely and remotely when the
beam was on. Ten images of exposure time 0.1 s were taken and
averaged to get one diffraction image. For capturing the image, a Perkin
Elmer 2D detector of total size 400 × 400 mm2 and with individual pixel
size 200 × 200 μm2 was used. The detector was placed at a distance of
3.3 m from the sample. To control the temperature a Lakeshore 340
temperature controller was used. While studying the mixture, SAXS was
also done applying a voltage across the cell (12V/μm) from a Delta
Electronica power supply ES030-10. QXRD program (PE Area
Detectors; G Jennings, version 0.9.8, 64 bit) was used for data
acquisition. To get intensity versus Bragg angle (2θ) distribution, images
were integrated using a step size of 0.001. The experimental set up used
for the scattering experiment at DESY is shown in figure 2.13.
The errors in the measurement of layer spacing, intermolecular distance
and tilt angle never found to exceed 0.5%, however, in case of correlation
lengths the maximum error was higher, about ~3.5%.

Figure 2.13: Experimental set up for X-ray scattering experiment.
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2.8 Electro-Optic Measurements
By electro-optic methods spontaneous polarization, response time and
tilt angle of the compounds have been measured. Details of these
measuring techniques are discussed below.
2.8.1 Spontaneous Polarization (PS)
As discussed in chapter 1 spontaneous polarization is a secondary order
parameter for the ferroelectric SmC* phase. The value of PS is important
from an application point of view and also from the theoretical
perspective. It is possible to determine the type of phase transition by
looking at the temperature variation of PS in the vicinity of SmC* to
SmA* transition. By minimizing the expression of Landau free energy
(equation 2.2) one can find out the expression for PS as a function of
temperature T as given by equation 2.20 [14].
𝑷𝑺 = 𝑷𝟎 (𝟏 −

𝑻 𝜷
)
𝑻𝑪

[2.20]

Here, P0 is the value of PS at T=0, TC is the SmC* to SmA* transition
temperature, and β is the critical exponent associated with the order
parameter PS, which for an ideal second-order phase transition should be
0.5 [5,18,21].
It is possible to measure PS by different techniques like (i) SawyerTower method [58] , (ii) reverse field method[59] and (iii) reversal
current method [60]. In this dissertation, the reversal current method
using a triangular signal was used to measure PS. A schematic diagram of
the experimental setup is given in figure 2.14.
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Ferroelectric liquid crystals have finite conductivity. So, a dielectric
cell filled with FLCs can be considered as a parallel combination of a
capacitor (C) and a resistance (R). Thus the current induced in a
ferroelectric liquid crystal cell, under the application of an alternating
voltage, has mainly three contributions in it [60], namely (i) ionic flow
current Ii, (ii) current Ic due to charge accumulation in the capacitor and
(iii) the polarization realignment current Ip as given by equation 2.21.

Figure 2.14: Schematic diagram of the experimental setup to measure
spontaneous polarization and response time.
𝑽

𝒅𝑽

𝑹

𝒅𝒕

𝑰(𝒕) = 𝑰𝒊 + 𝑰𝒄 + 𝑰𝒑 = + 𝑪

+

𝒅𝒑
𝒅𝒕

[2.21]

Here P is the charge induced by polarization reversal. Under a triangular
wave in reversal current method the capacitive contribution of current
(IC) cannot interfere with the current due to polarization reversal (IP) and
a characteristic bump appears in the output wavefront due to the reversal
of spontaneous polarization which can be subtracted from the
contributions of the ionic and capacitive current drawing an appropriate
baseline from the overall current profile. From the area, under the
polarization bump the value of PS can be calculated using equation 2.22.
𝑷𝑺 = ∫

𝑽𝒅𝒕

[2.22]

𝟐𝑨𝑹
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where A is the effective area of the cell and R is the series resistance
across which the voltage drop is measured.
For anti-ferroelectric SmC*A phase in suitable frequency range, double
polarization bump can be observed under triangular current reversal
method. In fact, SmC*, SmC*A and other ferroelectric subphases can be
easily distinguished by a hysteresis study of the spontaneous polarization.
SmC* being a bistable phase shows a single hysteresis loop, SmC*A for
being tristable state exhibits a double hysteresis loop and SmC*γ shows a
triple hysteresis curve as shown in figure 2.15 [15].
However, practically SmC*γ phase along with the plateau at 1/3PS
shows zero polarization at zero field, unlike figure 2.15 which indicates
helielectric behaviour of the phase [15].
The spontaneous polarization (PS) was measured with the help of an
Agilent 33220A function generator which was used to apply an ac
triangular signal of voltage 0.1-50V and frequency 10-60 Hz as the input
signal. An amplifier (FLC Electronics, Sweden) was used to amplify the
signal. The voltage drop across a 100kΩ resistor in series with the sample
cell was stored in a digital oscilloscope (Tektronix TDS 2012B) as a
function of time. The peak area under the V-t curve of the stored image
was calculated after creating an appropriate baseline using a commercial
software package Origin 7.0 [61].
The maximum error related with the measurement of spontaneous
polarization was found to be about 2.5%.
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Figure 2.15:: Hysteresis loop of PS at different phases. Adapted after ref
[15]
2.8.2
.2 Response Time (τ)
The response time (τ) is yet another important parameter of
ferroelectric liquid crystal
crystals from an application perspective. The smaller
is the response time, the more suitable is the FLC for using in fast display
devices.
τ can be measured with the same experi
experimental setup ass used for the
measurement of PS. However, here a square pulse has to be used as the
input signal, rather than a triangular wave. The response time can be
measured by measuring the time delay of the occurrence of polarization
bump from the applied square pulse edge while monitoring the voltage
across the resistor R in series with the cell [62,63]. A typical polarization
bump observed in SmC* phase under a squa
square
re pulse is shown in figure
2.16. The input square wave signal of voltage range 0.1-50V
0.1
and
frequency range 10-60Hz
60Hz w
was used to measure τ. The images of the
wavefronts stored in the storage oscilloscope were analyzed using Origin
7.0 software [61].
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Figure 2.16:: Polarization bump in SmC* phase under square pulse.
The maximum error involved in the measurement of response time was
calculated to be about 3%.
2.8.3 Optical Tilt Angle (θOPT)
As described before, the angle which the molecular long axis makes
with the smectic layer normal the tilt angle and it is the primary order
parameter of ferroelectric SmC* phase. Under the application of an ac
signal, the molecules of liquid crystal
crystals in ferroelectric or antianti
ferroelectric phase rotate around an imaginary cone by twice the tilt
angle. Thus the optical tilt of molecules in smectic layers can be
determined by electrically switching the sample under a low-frequency
low
square wave and simultaneously observing the texture under a polarizing
microscope. The angle of rotation of the sample between two dark states
is a measure of double the tilt angle.
To perform this measurement
measurement, the liquid crystal samples were first fed
into a homogeneous cell and the cell w
was mounted in between the crossed
polarizerss of the optical microscope. An ac field of magnitude 5-70
5
V
wass applied across the cell which was sufficient to unwind the helix and
to align the molecules uniformly at a tilt angle θ with the layer normal.
The frequency of the square wave pulses was kept in the range 1-10Hz.
1
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The sample stage was rotated to a position of minimum optical
transmission. When the field was reversed the molecules tilt in the
opposite direction with an angle –θ with the layer normal and again
another dark state was achieved by rotating the sample stage. Thus the
angle of rotation of the sample between two consecutive dark states gives
a direct measure of 2θOPT.
Another method of measuring the tilt using X-ray diffraction (θxray) was
discussed before. The main difference between the tilt angles measured
by these different techniques is that the θxray measures the tilt of the
special period of the molecular arrangement (whole molecule) while θOPT
measures the tilt made by the polarisable aromatic core of the molecules.
Thus depending on whether the terminal chains are in cis or in trans
configuration the θxray can be greater or smaller than θOPT respectively
[64].
The error related with the measurement of optical tilt was found to be
~0.6%.

2.8.4 Rotational Viscosity (γφ)
The rotational viscosity related to the Goldstone Mode relaxation is
another important parameter for ferroelectric liquid crystals. It greatly
influences the response time of FLCs. The lower is the value of γφ, the
lesser is the hindrances faced by the molecules to rotate around the tilt
cone and the smaller will be the response time. The expression for
rotational viscosity (equation 2.23) can be derived from the generalized
Landau model [21].
𝜸𝝋 =

𝟏

𝟏

𝟒𝝅𝜺𝟎 ∆𝜺𝒇𝑪

𝑷

( 𝑺 )𝟐

[2.23]

𝜽
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Using the values of Goldstone mode dielectric strength (Δε) and
relaxation frequency (fC) obtained from the dielectric relaxation study
and of spontaneous polarization (PS) and tilt angle (θ) measured by
electro-optic study the value of rotational viscosity was calculated by
equation 2.23.
The maximum error related to the calculation of rotational viscosity was
found to be ~2%.
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