
Chapter 6 

Dielectric studies on twist grain 
boundary phases 

6.1 Introduction 

Dielectric properties are related to the response of matter to the application of an 

external electric field [61, 621 (see section 1.10.3). Debye [63] demonstrated that the 

dielectric polarisation of the medium 

where E is the external electric field, €0 is the dielectric constant of vacuum and E* 

is the complex relative dielectric constant. The polarisation arises from the induced 

polarisation PI and the orientational polarisation P2. PI consists of two parts: 

the electronic polarisation and the ionic polarisation. P2 is connected with the 

partial orientation of the permanent molecular dipole moments in the direction of 

the external field. 

Dielectric constants are frequency dependent as the dipoles take a finite time 

to respond to an alternating external electric field. When the frequency of the 

applied field becomes comparable with the reciprocal of the response time, it leads 

to dielectric relaxation (see section 1.11). The frequency dependence of the dielectric 
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constant gives information about the dynamic behaviour of the molecules in the 

system. The complex dielectric constant can be written as 

where E' is the real part of the dielectric constant. The imaginary part 6'' is a measure 

of the loss associated with the relaxation processes. 

The dielectric anisotropy A€ is given by 

where € 1 1  and €1 are the principal dielectric constants parallel and perpendicular to  

the director respectively. For nematic liquid crystals consisting of polar molecules 

with strong dipoles along their long axes, Ac usually has values between 10 to 20. 

Maier and Meier [64] have extended Onsager's theory for polar molecules [61] to  

the nematic state. They have related the macroscopic dielectric anisotropy with the 

anisotropies arising due to various molecular parameters. The assumptions of Maier 

and Meier are the following: a)  the molecule has two principal polarisabilities cul and 

cut, along and transverse to the long axis, b) the molecule has a permanent dipole 

p that makes an angle /3 with .the long axis, and c) the molecule is in a spherical 

cavity with the surrounding medium being a continuum. By the aid of this simple 

model Maier and Meier arrived a t  the following expressions for € 1 1 ,  €1 and A€: 

where NA is the Avogadro number, p is the density, M is the molecular weight, h = 

35/(261+ 1) is the cavity field factor F = 1/(1- f b) (where f = (5 -  1)/[27ra3(2E+ l)] 
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the reaction field factor for a spherical cavity [61]), Aa = a1 - at and 5 and 6 are 

the average dielectric constant and polarisability respectively. Equations 6.4-6.6 

account for many features of the anisotropic permittivity of nematics . It can be 

seen from Equation 6.6 that the contribution of the orientational polarisation to 

the dielectric anisotropy is positive when the angle made by the dipole moment 

with respect to the long axis of the molecule is 5 55" and is negative otherwise. If 

this negative quantity is larger than Aa then gives rise to a material with negative 

dielectric anisotropy. 

The relaxation behaviour about €11 and €1 can provide information of the dy- 

namic behaviour of the molecules in the liquid crystalline phase. In the case of 

a single relaxation ovr:r the whole temperature range of interest, the temperature 

dependence of the relaxation time can be represented as 

where Ea is denoted as the activation energy and kB is the Boltzmann constant. The 

activation energy for the dielectric relaxation of € 1 1  in the liquid crystalline phases is 

a measure.of both the rotational potential barrier against flipping of the molecule 

about the short axis and dissipation due to a relevant friction coefficient. When the 

magnitude of E, becomes larger the probability for a molecule to flip diminishes. 

where f T  is the relaxation frequency. Hence we get 

where C is a constant. The variation of the natural logarithm of fr with (1/T) is 

known as the Arrhenius plot. The slope of the line is equal to Ea/kB, from which 

the activation energy can be calculated. 
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Nematic phase is not ferroelectric due to the apolar nature of the director n. 

Smectic C* is also referred to as a ferroelectric liquid crystal as mentioned in section 

1.3.2. The chirality of the molecules removes the mirror plane from the symmetry 

group C2h of the smectic C phase and the local point symmetry of the smectic 

C* layer is C2. This lower symmetry of the smectic C* layers allows them to be 

transversely polarised along the C2 axis. Due to the spontaneous polarisation of the 

ferroelectric liquid crystal there is a sharp increase in the dielectric constant a t  the 

smectic A to smectic C* transition. 

In the ferroelectric phase, experiments have shown that two different collective 

modes, the Goldstone mode and soft mode can be observed depending on the align- 

ment of smectic layers and their spctial director configuration. The Goldstone mode 

appears due to the phase fluctuations of the tilt angle of the molecules in the smectic 

C* phase while soft mode appears due to the fluctuations of the amplitude of tilt 

angle. For Goldstone mode the relaxation frequency is of the order of a few Hz-KHz 

which is practically independent of temperature. On the other hand the soft mode 

relaxation frequency is around lMHz and decreases to  zero as smectic C*-smectic A 

transition temperature is approached. 

Over the last ten years, several compounds having chiral molecules have been 

found to  exhibit new liquid crystalline phases called twist grain boundary phases 

[65]. In the TGBA phase ( see Fig. 1.5 (a)), slabs of almost perfect smectic A layers 

are regularly stacked in a helical fashion along an axis parallel to  the smectic layers. 

Adjacent slabs are continuously connected via a grain boundary which consists of a 

grid of parallel equispaced screw dislocation lines. Subsequently a TGBc phase was 

discovered where the slabs are of smectic C type [66] ( see Fig. 1.5 (b)). Recently a 

new TGB phase namely UTGBc* phase was discovered [5] ( as described in section 

1.4). In the UTGBc* phase the tilted molecules are arranged in a helical fashion 
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within the smectic C* slabs. These slabs exhibit a 2D undulation in the form of a 

square lattice. In the case of a cell treated for homogeneous alignment, the slabs have 

an helical arrangement whose axis is normal to the glass plates and a square grid 

pattern is observed. When the glass plates are treated for homeotropic alignment an 

undulatory filament texture is observed in thin cells. Each filament corresponds to  

a rotation of the director by T radians, and the width of the filament z p/2, where 

p is the pitch of the TGB helix. 

Dielectric studies on TGB phases are very rare [67, 681. The measurements on 

the TGBA phase [67] show that the dielectric behaviour a t  the smectic C*-TGBA 

transition is similar to that at  the smectic C*-smectic A transition. The dielec- 

tric properties of a compound having both TGBA and TGBc Lave been studied by 

Bougrioua etal [68]. They have attributed the observed two relaxation processes 

to soft mode and Goldstone mode in the TGBc phase. These two modes are de- 

tected with lower amplitudes and higher frequencies (especially the Goldstone mode) 

compared to those in the smectic C* phase. They have explained qualitatively the 

experimental results on TGB phases using a model in which the structure of the 

liquid crystal is taken into account. The low amplitudes of the soft mode and the 

Goldstone mode are explained by elastic distortions within the blocks and these 

distortions depend on the block size. In the smectic C* phase, the restoring torque 

of the Goldstone mode is determined by the twist elasticity of the system. The 

restoring torque is proportional to K22q,2, where K22 is the twist elastic constant. 

The wave vector q,=2~/p where p is the helical pitch in the smectic C* phase. In the 

case of TGB liquid crystals, Bougrioua etal have assumed strong amchoring of the 

director at  the boundaries of the blocks. Hence in the TGBA phase, an electric field 

applied perpendicular to the helical axis gives an electroclinic effect, and induces a 

director tilt which is larger in the center of the block than a t  the boundaries. In the 
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TGBc phase, when an electric field is applied parallel to the helical axis, the field 

component in the smectic layers induces a rotation of the director around the cone. 

As strong anchoring is assumed at  the boundaries of the blocks, the Goldstone mode 

is balanced by elastic torques due to twist deformations within the blocks. Hence 

they introduced a term H2 in place of the normal twist energy term K22q,2 in the 

amplitude of the relevant relaxation process, where H2 is proportional to K2,/L; 

and Lb is the block length. The H2 term is strongly dependent on the helical pitch p 

of the TGB helix and the block length. At the TGBA-TGBc transition H2 remains 

important when the block length and pitch have small values. The very high fre- 

quency observed for soft mode a t  the TGBA-TGBc transition and for the Goldstone 

mode in the TGBc phase compared to the smectic C* phase is attributed to the H2 

term. 

The main results described in this chapter are on a binary mixture which ex- 

hibits a new TGB phase namely UTGBc* phase (as mentioned above), in addition 

to the usual TGBA and cholesteric phases. 

6.2 Measurement geometries 

In order to measure €11 or €1 the electric field applied should be parallel or perpen- 

dicular to  the director. In the case of nematic and smectic A €11 is obtained using a 

cell with homeotropic alignment and €1 in a cell with homogeneous alignment. 

In the case of cholesteric liquid crystals for a homogeneously aligned cell we 

measure the dielectric constant along the helix axis h. Hence [21] 

fllh = 6-1- (6.10) 

In the case of a homeotropically aligned cholesteric liquid crystalline sample we 



Chapter 6 

measure the dielectric constant perpendicular to the helix axis. Hence 

For smectic C* liquid crystals in the case of a homogeneously aligned cell we 

measure the dielectric constant perpendicular to the helix axis. 

where 8 is the tilt angle [69]. For a homeotropically aligned cell, the smectic layers 

are parallel to the glass plates, and 

6.3 Experimental setup 

The experimental setup is designed to go upto very high frequencies (500 MHz) 

even though our measurements are limited to lMHz frequency range. In the high 

frequency regime the losses due to test leads become very high. Hence for dielectric 

measurements in the high frequency regime special provisions are required in the 

heater assembly. We built a heater assembly which can be used for high frequency 

(upto 500MHz) measurements. 

The schematic diagram of the experimental setup is shown in Fig. 6.1. The 

heater dimensions are 4.3cms x 3.2cms x 1.6cms which are fixed so that the heater 

can be placed between two pole pieces of an electromagnet(Bruker magnet). A 

maximum magnetic field of 2.5 Tesla can be applied to the sample. The heater can 

be rotated by 90' so that by using the magnetic field the parallel and perpendic- 

ular components of dielectric constant can be measured using the same cell. The 

impedance analysers HP4191A and HP4192A are used for the capacitance measure- 

ments. 
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Fig. 6.1: Block diagram of the experimental setup for dielectric measurements. The 
dotted line shows the connection from the cell electrodes to the semirigid cable con- 
nected to  HP4191A and the dashed lines from the cell electrodes show the connection 
to the four probe connector from HP4192A. 
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Fig. 6.2: Temperature calibration curve for the platinum resistance thermometer 
with respect to  a factory calibrated Minco platinum resistance thermometer. 
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Fig. 6.3: The cross section of the cell used for dielectric measurements. 

The heating element(Minc0 Kapton Foils) is connected to a HP programmable 

power supply(& 60V). The resistance of the heating element is 52.5C2. A Minco 

platinum resistance thermometer is used for measuring the temperature of the sam- 

ple. To measure the resistance R of the platinum resistor, it is connected to a 

Keithley 193A digital multimeter through a four probe connection. The platinum 

resistor is calibrated(see, Fig. 6.2) by fixing it close to a factory calibrated resistance 

thermometer. The calibration curve is fitted to a second order polynomial and the 

temperature of the platinum resistance thermometer Tp is given by 

The heater assembly with the cell used for dielectric measurements is shown 

in Fig. 6.3. The cell (Fig. 6.3) is made of two I T 0  coated transparent electrodes. 

A rectangular pattern with extensions for electrical connections, is etched on the 

IT0 plates by using dilute hydrochloric acid and zinc dust. The cell is a parallel 

plate capacitor made of two such conducting I T 0  electrodes. The advantage of 

using IT0 coated cells is that alignment can be checked under a microscope. But 

beyond 200KHz the impedance of the I T 0  layers is no longer negligible and it starts 
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contributing to the measured dielectric loss. The top and bottom electrodes are 

separated by mylar spacers of appropriate thickness placed in the etched portion so 

that the mylar spacers do not interfere with dielectric measurements of the liquid 

crystal. The electrodes are soldered on to  the Sub Miniature Amphenol (SMA) 

connectors embedded in the heater. 

Semi rigid cables are used for making connections from the impedance analyser 

HP4192A to reduce losses due to cables and these losses become more prominent in 

the high frequency regime. Due to  the metal shielding of the semirigid cables they 

have more noise immunity compared to the BNC cables. The SMA connectors are 

connected to the impedance analyser HP4192A through a four probe configuration 

as shown in Fig 6.1. This configuration is used to eliminate errors due to residual 

impedance of test leads. The terminals consist of four connections: high current, 

high voltage, low current and low voltage. The current terminals are used to drive 

a signal current through the sample. The potential terminals are for detecting the 

voltage drop across the,sample. High current and high voltage, are connected to- 

gether and also the low current and low voltage terminals are connected together. 

In addition the shields of all conductors must be connected together. The capaci- 

tance measuring range is 0.0001 nF  to 100 mF and the frequency range is 5Hz to 

13MHz. However we found that our impedance analyser gave accurate results only 

in the 1KHz-1MHz frequency range. We have interfaced the whole experimental 

setup using a Keithley card and C language to  a PC. An AC signal is applied across 

the sample using 4192A and the capacitance measurement is based on an impedance 

analysis of the amplitude and phase of the output AC signal from'the sample. 

The liquid crystal is filled by capillary action in the central rectangular region 

of the I T 0  coated glass plates. The heater is calibrated using known samples. The 

dielectric constant is measured for these known samples as a function of tempera- 
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Fig. 6.4: Temperature calibration curve for the sample temperature(T,) with respect 
to the temperature measured by platinum resistance thermometer(T,). 

ture measured by the platinum resistor(Tp). The transition temperatures of various 

liquid crystalline phases measured by the platinum resistor for these samples are ob- 

tained using the dielectric data. These temperatures are compared with the known 

transition temperatures of these samples. It is found that the temperature near the 

sample is in good agreement with T,(see Fig. 6.4) . 

6.4 Dielectric measurements using LIA 

As mentioned above, the impedance analyser gave accurate data only above 1KHz. 

A lock-in amplifier has been used for the dielectric measurements around 1KHz. 

We measure the impedance of the sample cell and calculate its-capacitance and 

resistance. As described in Section 3.3 the equivalent electrical circuit of a liquid 

crystal cell can be considered to be a capacitance (C,) and a resistance (R,) in 

parallel. The experimental setup to measure C, and R, of a liquid crystal cell is 
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L I A  0 
Fig. 6.5: Block diagram of the experimental setup to measure capacitance and 
resistance of a liquid crystal cell. 

shown in Fig. 6.5. We measure the amplitude and phase of the voltage developed 

across a series capacitance, Cm (N 1 pFarad), which is large in comparison to the 

capacitance of the sample cell (N 150 pF). It is important that C, is large so that 

the maximum voltage drop is across the cell and only a small voltage is measured 

by the LIA. The impedance of the sample cell is given by 

where R, is the resistance and C, is the capacitance of the cell. w = 27r f where f 

is the frequency of the applied voltage (V,) across the cell. The total impedance of 

the circuit (Zt) is given by 

The total current It, is given by 
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The voltage drop across Cm which is measured by the LIA is given by 

where Z3 = l/(ZwCm) and V, and 4, are the amplitude and phase of the measured 

voltage. 

Vm = IVl (6.19) 

ImV 
tan 4, = - 

Rev 

Simplifying the above expressions it can be shown that the sample resistance (R,) 

and capacitance (C,) are given by: 

Rs = Y / ~ T  f sin a (6.21) 

C, = X / Y  (6.22) 

where X  = cosa - Q, Y = (sin2 cr + X2)/CmQ7 Q = Vm/Vo and a = -4, . The 

dielectric constant of the sample is given by the ratio C,/C, where C, is the capac- 

itance of the empty cell measured before filling it. We used a standard capacitor 

and resistor connected in parallel in place of the sample cell to measure the stray 

capacitance added to the circuit by the cables used. It was found to be 4 pF. 

The absolute accuracy of the measured capacitance is 1 to 2% whereas that of the 

resistance is N 8%. 

6.5 Results 

The dielectric measurements have been performed on binary mixtures of the chiral 

compound 4-(2'- methyl butyl phenyl 4'-n-octylbiphenyl-4-carboxylated (CE8)) and 

2-cyano-4-heptyl-phenyl-4'-pentyl-4-biphenyl carboxylate (7(CN)5). The structures 

of the compounds CE8 and (7(CN)5) are shown in Fig. 6.6. CE8 exhibits the phase 
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Fig. 6.6: The structures of the compounds CE8 and (7(CN)5). 

sequence (with temperature in "C): crystal 67 S I *  70 Sc* 85 SA 134.6 N* 140.5 I, 

where N* stands for chiral nematic and I for isotropic phases. 7(CN)5 exhibits the 

phase sequence: crystal 45 N 102 I. The mixtures of these two compo-~nds in a 

specific composition range exhibit a new TGB phase. Experiments were conducted 

on one such mixture with 36 wt % of 7(CN)5 exhibiting the following sequence 

of known phases while cooling: 121.7 N* 76.8 TGBA. As the binary mixture is 

cooled to -60°C it exhibits a transition to the new TGB phase namely UTGBc* 

phase as mentioned in the beginning of this chapter. The dielectric studies were 

undertaken in cells treated for both homeotropic and homogeneous alignments. In 

these experiments we have used I T 0  coated glass plates treated with polyimide and 

rubbed for homogeneous alignment and plates treated with long ODSE molecules 

for homeotropic alignment. The thicknesses of the cells have been measured using 

channel spectrum (see section 1.12). The dielectric data given in this chapter are 

for cells of thicknesses -5.4pm for homeotropic alignment and -5.8pm for homo- 

geneous alignment respectively. The measurements have been made as functions of 

temperature at  various frequencies. Above lKHz the experiments have been con- 

ducted using HP impedance analyser 4192A while at  frequencies around lKHz the 

lock-in amplifier was used. We did not perform the measurements in some of the 
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Fig. 6.7: Dielectric constant at 15KHz as a function of temperature for a cell treated 
for homeotropic alignment. 

cases above -80°C as the mixture decomposes if it is heated to very high tempera- 

tures. In the case of homogeneous alignment the measurements were made in both 

heating mode as well as in cooling mode. The dielectric data were similar in both the 

cases. We present data collected in the cooling mode. In the homeotropic alignment 

case the measurements were made only in the heating mode as the alignment was 

not found to be good in the cooling mode. The temperature in which the UTGBc* 

phase occurs depends on the exact composition of the chiral and nonchiral compo- 

nents of the mixture. The phase transition from the TGBA phase to the UTGBc* 

phase is clearly seen at -62°C in homeotropically aligned cell and at  -60°C in ho- 

mogeneously aligned cell( see Fig. 6.7-6.11). These figures are shown in the same 

order in which the experiments were performed. 

In the homeotropic geometry the measurement at  15KHz was done using the 

impedance analyser immediately after filling the sample. The alignment was checked 
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Fig. 6.8: Dielectric constant a t  lKHz as a function of temperature for a cell treated 
for homeotropic alignment. 

Fig. 6.9: Dielectric constant a t  15KHz as a function of temperature for a cell treated 
for homogeneous alignment. 
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Fig. 6.10: Dielectric constant at 224KHz as a function of temperature for a cell 
treated for homogeneous alignment. 

Fig. 6.11: Dielectric constant at  lKHz as a function of temperature for a cell treated 
for homogeneous alignment. 
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under a polarising microscope and was found to be good. The same homeotropically 

aligned cell was transferred later to  the lock-in amplifier setup. The alignment had 

slightly deteriorated and some misaligned patches had developed in small regions. 

This cell was used for the measurement at  lKHz in the lock-in amplifier setup. 

In the homogeneous geometry the measurements at  15KHz and 224KHz were 

done using the impedance analyser. The cell was later transferred to  the lock-in 

amplifier setup. for measuring the dielectric data at  1KHz. The alignment was 

found to be good in all the three measurements. 

The temperature dependence of A€ is mainly governed by that of the orien- 

tational order parameter S in the cholesteric phase. In the smectic C* phase, in 

addition to the orientational order parameter, the tilt angle(0) also varies with tem- 

perature which also affects the temperature dependence of A€. 

The order parameter S is approximately related to the dielectric anisotropy by 

where A€, is the dielectric anisotropy for the fully aligned state. As A€= € 1 1  - €1 

and the average dielectric constant -i= ( ~ ~ ~ + 2 ~ ~ ) / 3  we get 

and 

In the cholesteric phase the dielectric constant measured using polyimide coated 

plates ~ l l h  is equal to  €1 (see equation 6.10). Similarly the dielectric constant mea- 

sured using ODSE coated plates  EL^ can be related to  € 1 1  and €1 using equation 6.11. 

The calculated values of € 1 1  and €1 a t  lKHz and 15Khz are shown in Fig. 6.12 and 

6.13. A6 is negative and small(--0.4). Note that the values of € 1 1  and €1 at lKHz 
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Fig. 6.12: The temperature dependence of the dielectric constant at  lKHz in the 
cholesteric phase of the binary mixture of CE8 and 7(CN)5. The '+' symbol stands 
for rllh=cl, '0' for r l h  and '*' for € 1 1  respectively. 

Fig. 6.13: The temperature dependence of the dielectric constant a t  15KHz in the 
cholesteric phase of the binary mixture of CE8 and 7(CN)5. The '+' symbol stands 
for q h = c ~ ,  '0' for e lh  and '*' for € 1 1  respectively. 
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are slightly higher (2-3010) than those at 15KHz. As these measurements were made 

using different instruments the difference in the values fall within the accuracies of 

these instruments. From equation 6.25 we can see that €1 should increase as the 

temperature is decreased for a negative dielectric anisotropy material as can be seen 

in Fig. 6.12 and 6.13. This is due to the increase of S with decrease of temperature. 

Similarly € 1 1  should decrease as temperature is decreased for a negative dielectric 

anisotropy material (see equation 6.24) as seen in Fig. 6.12 and 6.13. However as we 

are far away from the cholesteric-isotropic transition point (-121°C), the tempera- 

ture dependences of the order parameter and hence those of the dielectric constants 

€ 1 1  and €1 are not very strong. 

For the sake of conveniencd we will discuss the results in the smectic C* phase 

before discussing the results in the TGBA and UTGBc* phases. The smectic C* 

phase occurs below 58OC in the case of homeotropically aligned cell and below 56OC 

for homogeneously aligned cell. In the smectic C* phase the dielectric constant 

measured in both the geometries can be related to € 1 1  and €1 using equations 6.12 

and 6.13. The tilt angle(0) variation with temperature governs the temperature 

dependence of A6 in the smectic C* phase in addition to the orientational order 

parameter dependence. For small tilt angle €11  contributes more than €1 in the 

homeotropic geometry and vice versa in the case of homogeneous geometry as can 

be seen from equations 6.12 and 6.13. The tilt angle increases with decrease of 

temperature (see Fig. 6.14). This will result in an increase in the dielectric constant 

with decrease of temperature for a homeotropically aligned sample. However as 

discussed above the temperature variation of the orientational order parameter will 

result in a decrease in € 1 1 .  This in turn can decrease the dielectric constant in 

this geometry. There will be a net increase or decrease in the dielectric constant, 

depending on which of these processes will dominate. The dielectric constant at  
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Fig. 6.14: The tilt angle variation with temperature in the UTGBc* phase and 
the smectic C* phase of the binary mixture of CE8 and 7(CN)5 (Courtesy P. A. 
Pramod) . 

lKHz in Fig. 6.8 increases with decrease of temperature. The increase is ~ 0 . 2 %  for 

a temperature range of 8" in the smectic C* phase. 

In this (homeotropic) geometry the temperature variations of the dielectric 

constant a t  lKHz and 15KHz show different trends in the smectic C* phase. If 

the frequencies at  which the measurements are made are comparable to the relax- 

ation frequency then in addition to  the tilt angle(0) variation and the temperature 

variation of the orientational order parameter, the relaxation process also governs 

the temperature dependence of E .  The dielectric measurements shown in Fig. 6.15 

and 6.16 were performed as functions of frequency a t  different temperatures. In 

Fig. 6.15 we see a relaxation in E in the homeotropic geometry. We postpone the 

detailed discussion of the origin of the relaxation process to a later stage. Usually 

the relaxation frequency is identified from the peak in the imaginary part of the 
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Fig. 6.15: Real part of the dielectric constant as a function of frequency for a cell 
treated for homeotropic alignment. 

Fig. 6.16: Imaginary part of the dielectric constant as a function of frequency for a 
cell treated for homeotropic alignment. 
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dielectric constant. However we do not see any well defined peak (see Fig. 6.16) as 

the contribution from I T 0  layers becomes significant around 200KHz. However, in 

the real part of the dielectric constant a sharp change in slope occurs a t  a tempera- 

ture dependent frequency. This frequency fd is related to the relaxation frequency, 

and will be used in further discussion. In the imaginary part we see a small shoul- 

der only at  low temperatures and it is around 20KHz at  -52"C(Fig. 6-16), while 

fd is -10KHz. The measurements shown in Fig. 6.7 were performed at  15KHz. 

The dielectric constant decreases by -5% when the temperature decreases by 8O in 

the smectic C* phase. This decrease in the dielectric constant a t  15KHz indicates 

that the relaxation process dominates the temperature variation of the dielectric 

constant. 

For estimating the contribution from the orientational order parameter to the 

dielectric constant in the smectic C* phase we now extrapolate the values of €11 and 

€1 in the cholesteric phase shown in Fig. 6.12 and 6.13 to lower temperatures. In 

order to take into account the tilt angle variation, we calculate the temperature 

variations of ~ l l h  and  EL^ from equations 6.12 and 6.13. As mentioned above the 

temperature at  which the TGBA to UTGBc* phase transition occurs, depends on 

the exact composition of the chiral and nonchiral components of the mixture. In 

order to use the same tilt angles we have used the relative temperature T,-T to 

perform the calculations where T, is the measured transition temperature. The 

calculated temperature variations of ~ l l h  and  EL^ at lKHz and 15KHz for both the 

geometries are shown in Fig. 6.17. As mentioned before the values of €11 and €1 in 

the cholesteric phase at  lKHz are higher than those at  15KHz. 'The same trend 

is seen in Fig. 6.17. The calculated values show a slight increase in the dielectric 

constant in the homeotropic geometry with decrease of temperature at  1KHz. The 

increase is -0.2% for a temperature range of 8" in the smectic C* phase which is 
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Fig. 6.17: The calculated temperature variations of ellh(lower two curves) and 
clh(upper two curves). '*' stands for data a t  lKHz while '0' stands for data at  
15Khz. 

similar to the increase observed experimentally. The calculated dielectric constant 

decreases by -0.1% for'the same temperature range a t  15KHz. The much larger 

decrease ( -5%) observed experimentally is due to the relaxation of € 1 1  taking place 

around this frequency (see Fig. 6.15) in the smectic C* phase. 

In the homogeneous geometry the dielectric constant in the smectic C* phase 

increases with decrease of temperature. We see an increase in the dielectric con- 

stant of ~ 1 . 1 %  a t  15KHz and -1.3% at  lKHz for a temperature range of 8". The 

calculated variations of  EL^ shown in Fig. 6.17 show an increase of -1.7% a t  15KHz 

and ~ 1 . 6 %  at  lKHz, roughly agreeing with the experimental variations. The tilt 

angle variation will result in a decrease in the dielectric constant with decrease of 

temperature. The orientational order parameter variation with temperature will 

give rise to an increase in €1 which in turn will increase the dielectric constant in 
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this geometry. The measured as well as calculated increase in the dielectric constant 

indicates that the orientational order parameter variation dominates rather than the 

tilt angle variation. 

In the TGBA phase in the homogeneous geometry the texture is very simi- 

lar to that in the cholesteric phase. We do not see any distinct transition to the 

TGBA phase using dielectric measurements in the homogeneous geometry. The di- 

electric constant increases smoothly with decreasing temperature(see Fig. 6.9). This 

is due to the temperature variation of the order parameter as seen in the cholesteric 

phase. The transition to the TGBA phase is clearly seen in Fig. 6.7 and 6.8 in 

the homeotropic geometry at  -74OC. In this geometry, in some parts of the cell, 

filaments are seen in the TGnA phase. Each filament corresponds to  a rotation of 

the director by .rr radians. The relative contributions from ell and €1 depend on the 

number of filaments and the alignment of the director within the filaments. These 

filaments are like fingerprint texture in the cholesteric phase though on a smaller 

scale, especially for thin cells(-5pm). In addition to the filaments in the TGBA 

phase, we have homeotropically aligned, unwound TGBA domains (which hence 

mimic smectic A domains). These domains grow with decreasing temperature and 

hence the contribution of € 1 1  increases. If we assume a filamentary texture through- 

out the sample equations 6.10 and 6.11 are valid. Using the extrapolated values 

of € 1 1  and €1 shown in Fig. 6.12 and 6.13 and equation 6.11 we calculate the tem- 

perature variation of ~ 1 1 ~  The calculated dielectric constants decrease by -0.7% at 

lKHz and by -0.5% at 15KHz for the temperature range in which the TGBA phase 

occurs. The experimental values decrease by ~ 2 . 7 %  at lKHz and &2.3% at 15KHz. 

The sharper decrease seen experimentally is due to the increase in the contribution 

from € 1 1 ,  as the homeotropically aligned area increases a t  lower temperatures. 

In cells treated for both homeotropic and homogeneous alignment the transi- 



Chapter 6 144 

tions from TGBA phase to UTGBc* phase and from UTGBc* phase to  smectic C* 

phase are clearly seen (see Fig. 6.7-6.11). The tilt angle increases from zero to -10" 

in the UTGBc* phase as the temperature is decreased below the TGBA-UTGBc* 

transition point. 

In the homogeneous geometry a square grid pattern is observed under a polar- 

ising microscope in the UTGBc* phase. The structure within the UTGBc* blocks is 

similar to that in the Smectic C* phase. Hence using equation 6.12 and the extrap- 

olated values of € 1 1  and €1 shown in Fig. 6.12 and 6.13 we calculate the temperature 

variation of  EL^ which is also shown in Fig. 6.17. The calculated dielectric constant 

( c l h )  increases by 0.5-0.6% a t  both lKHz and 15KHz with decrease of temperature. 

The measured dielectric constant increases (-0.1%) at  lKHz (see Fig. 6.11) while 

it has a slight decrease (-0.04%) at  15KHz (see Fig. 6.9) and a sharper decrease 

(-0.3%) a t  224KHz (Fig. 6.10). The trends a t  15KHz and 224KHz are due to the 

relaxation of € 1 1  seen in Fig. 6.15 ( fd is around 15KHz a t  -62°C). This clearly indi- 

cates that the contribution from € 1 1  is much higher in the UTGBc* phase compared 

to the other phases. The tilted molecules precess a t  a constant rate in the smectic 

C* phase about the smectic layer normal which may not be the case in the UTGBc* 

phase. This can in turn increase the contribution from € 1 1  in the UTGBc* phase. 

The detailed structure of the grain boundary region may also contribute to this 

result. 

,For homeotropic boundary condition, there is a coexistence region of homeotrop- 

ically aligned unwound UTGBc* domains (which mimic smectic C* domains) and 

UTGBc* filaments with an undulatory structure. As in the case of TGBA, even 

in this phase the contributions from € 1 1  and E L  depend on the number of filaments 

and the alignment of the director within the filaments. The homeotropically aligned 

smectic C* domains widen with decreasing temperature. Within the domains as the 
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Fig. 6.18: Real part of the dielectric constant as a function of frequency for a cell 
treated for homogeneous alignment. 

tilt angle increases the dielectric constant can be expected to increase. On the other 

hand as the number of filaments decrease with decrease of temperature, the dielec- 

tric constant can be expected to decrease. Experimentally a t  lKHz the dielectric 

constant slightly increases ( ~ 0 . 1 % )  with decrease of temperature (Fig. 6.8). On the 

other hand we see a sharp decrease (-7%) at  15Khz (see Fig. 6.7). As discussed 

above this sharp decrease at 15Khz is due to the relaxation of €11 around 15KHz, 

and is also reflected in Fig. 6.15. We see that the frequency dependent curves for 

the temperatures 62°C and 64°C are quite close, while the curves for 57.9"C and 

59.9"C are well separated. This is due to the decrease of relaxation frequency with 

decrease in temperature. 

The real and imaginary parts of the dielectric constant have been measured as 

functions of frequency for both the geometries (see Fig. 6.15, 6.16 and 6.18). As 

mentioned before, beyond 200KHz the impedance of the I T 0  layers is no longer 
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negligible and it starts contributing to the measured dielectric loss. As such, we do 

not present the data beyond 100KHz. In Fig. 6.18 (homogeneous alignment) the 

bottom most dispersion curve corresponds to the highest temperature. A reverse 

trend is seen in Fig. 6.15 (homeotropic alignment). In the homogeneous geometry €1 

contributes more than € 1 1  and vice versa in the case of homeotropic geometry. From 

equations 6.24 and 6.25 we can see that 61 should increase and should decrease 

as the temperature is decreased for a negative dielectric anisotropy material. Hence 

the reverse trends with temperature seen in the two geometries can be understood. 

In the homeotropic geometry we see a low frequency relaxation in all the phases. 

(Fig. 6.15 and 6.16). The relaxation seen in this geometry is hence due to a molecular 

motion and not due to a coliective mode like the Goldstone mode. The component 

7(CN)5 of the binary mixture has a cyano group making a large angle ( ~ 6 8 ' )  with 

the long axis of the molecule, but with a reasonably large dipole component along the 

long axis (see Fig. 6.6). It also has an ester group along the long axis of the molecule. 

The effective dipole of the ester group is opposite to the dipole component from the 

cyano group. Hence the net dipole moment along the long axis of the molecule is 

only ~ 0 . 2 5  Debye. The other compound CE8 also has an ester group along the long 

axis of the molecule (see Fig. 6.6) with a net component of -1.4 Debye. Hence the 

relaxation is mainly due to the dipolar reorientation of the CE8 molecules about 

their short molecular axes. 

In the homogeneous geometry the dielectric dispersion curve in the UTGBc* 

phase is slightly above the curve corresponding to that in the smectic C* phase a t  

55'C (see Fig. 6.18). This trend is clearly seen in Fig. 6.10 a t  2 2 4 ~ ~ ~  and is again 

due to the relaxation of seen in Fig. 6.15. This indicates that in this geometry 

the contribution from &II is much more in the UTGBc* phase compared to the other 

phases. As seen in Fig. 6.18 there is a decrease in the dielectric constant beyond 
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Fig. 6.19: The variation of the natural logarithm of fd with the reciprocal of tem- 
perature in the homeotropic geometry. The continuous line is the linear fit to the 
experimental data. 

~ 6 0 K H z .  There is a small contribution from €11 even in this geometry in the UTGBc* 

and smectic C* phases. 'Hence in both these phases due to  the relaxation of ell the 

dielectric constant can show a slight decrease. We expect a Goldstone mode in the 

smectic C* phase in this geometry which was not observed. This may be related to 

the low polarisation of the compound. The polarisation has not been measured for 

the mixture, but that of the chiral component CE8 is only N 4nC/cm2 [70]. 

In both the geometries the imaginary parts of the dielectric constant show an 

increase as the frequency is decreased below w3KHz (see Fig. 6.16). This increase 

arises from the ionic conductivity of the sample. 

Normally relaxation frequencies are used in the Arrhenius plots. As mentioned 

above we could not measure the relaxation frequencies as we do not see a well defined 

peak in the imaginary part (see Fig. 6.16) of the dielectric constant. In order to 
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estimate the activation energy we plot the natural logarithm of fd versus (1/T) for 

the homeotropic geometry which is shown in Fig.6.19. The slope of the curve gives 

an estimate of E,/lcB. We estimate the activation energy to be ~ 0 . 7 e v  which is 

roughly similar to that (-0.9ev) [71] measured earlier for many liquid crystals. 

6.6 Conclusions 

The dielectric studies were performed on a binary mixture which exhibits a new TGB 

phase namely UTGBc* phase in addition to the usual cholesteric, TGBA and smectic 

C* phases. These studies were undertaken in cells treated for both homeotropic and 

homogeneous alignments. In both the cases the phase transitions from TGBA phase 

to the recentiyr discovered UTGBc* phase and from UTGBc* phase to smectic C* 

phase are clearly seen. The dielectric measurements in the homogeneous geometry 

clearly indicates that the contribution from CII is much higher in the UTGBc* phase 

compared to the other phases. 
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