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Abstract 

 

In seeking faster switching processes in ferroelectric liquid crystals, research continues 

to be directed to the smectic-C
*
 subphases. One of the most intriguing of the subphases 

observed in antiferroelectric systems is the smectic-C
*
α  phase (SmC

*
α), which has a 

helicoidal structure analogous to that of the smectic-C
*
 (SmC

*
) phase, but is nonetheless 

a distinct mesophase. The observation of broad SmC
*
α phase ranges in a series of 

mixtures facilitates a wide range of experimental studies. In this thesis, the effective 

rotational viscosity of the SmC
*
α and the SmC

*
 phases are reported for binary mixtures 

of a ferroelectric liquid crystal and a chiral dopant. The rotational viscosity was deduced 

by both electro-optical and dielectric methods. The viscosity is found to be independent 

of the dopant concentration in the most mixtures, although the polarization and tilt angle 

decrease with increasing dopant concentrations. The dielectric measurements allow the 

determination of the types of collective modes within the SmC
*
α and SmC

* 
phases that 

dominate the switching mechanism.  In both the SmC
*
α  and SmC

*
 phases, a Goldstone 

mode is observed at high relaxation frequency Rf  of order 10
4
 Hz, whereas the 

relaxation frequency Rf  is of the order of 10
3
 Hz in the SmC

*
 phase. The Goldstone 

mode is responsible for the switching in both phases, so that SmC
*
α phase shows a 

faster (microsecond) response than the SmC
*
 phase (∼ tens of microseconds). These data 

are discussed with reference to the influence of the very short pitch length in the SmC
*
α 

phase.   

 

The field induced phase transitions in the (four-layer and three layer) intermediate 

phases are investigated in pure and binary liquid crystal mixtures with chiral dopant 

with respect to theoretical models. These models attempt to interpret the induced phase 
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transition through the linear coupling coefficient o∆  which mainly determines the 

smectic layers structures. The linear coupling coefficient o∆  values are obtained by 

fitting the model equations to the field induced threshold. These values refer to the 

interlayer interaction constants that govern the stability of the smectic layer structure in 

the intermediate phase. Although these models describe qualitative description of the 

field induced transitions, they fail in a quantitative description.  
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Thesis Aim and Structure 

This thesis is focused on the study of the liquid crystal Smectic-C
*
 subphases in 

ferroelectric liquid crystals systems. One of the most intriguing of the subphases 

observed in the ferroelectric systems is the smectic-C
*
α  phase (SmC

*
α), which has a 

helicoidal structure analogous to that of the smectic-C
*
 (SmC

*
) phase, but is nonetheless 

a distinct mesophase. If all smectic-C
*
 phases in a ferroelectric system existed in one 

material, the phase sequence between liquid phase (or isotropic phase) and crystalline 

phase will look as follows: 

  

 .
**

1

*

2

**
CrystSmCSmCSmCSmCSmCSmAIso AFIFI →→→→→→→

α  

 

The rotational viscosity study of the SmC
*
α phase will be presented in detail before the 

investigations of field-induced transitions observed in the intermediate (SmC
*
FI2 and 

SmC
*
FI1) phase. All the phases above will be discussed in detail in chapter 1. Chapter 2 

focuses on the theoretical basis of the presented work, namely the rotational viscosity 

with respect to the simple dynamic model and dielectric spectroscopy method. 

Additionally, the field induce transition model of the intermediate phases. After that, 

chapter 3 is about the experimental techniques, apparatus and equipment setups that 

were used in the investigations.  Chapters 4 to 6 cover the main experimental results of 

the presented work in respect of the theoretical models presented in the chapter 2. 

Chapter 7 concludes the experimental results of rotational viscosity and field induced 

transition investigations.  
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This thesis aims to: 

• Investigate the switching time of the SmC
*
α phase which may be faster than the 

switching time of the SmC
*
 phase. Thus, the aim of this investigation is to test 

this hypothesis alongside developing an understanding of the mechanisms of 

switching through one important physical property, namely the rotational 

viscosity. 

• Investigate the interactions between the smectic layers in the intermediate 

phases. The coupling coefficient o∆  is measured which considers the forces that 

determine the smectic layer structures in the intermediate phases of different 

systems. 

• Investigate the parameters that may affect the coupling coefficient o∆  such as 

different smectic layer structures by made mixtures, different layer thicknesses 

and varying the electric field which affects the switching at variant of electric 

field in mixtures. 
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1.1- Introduction: 

 

The discovery of liquid crystals was made by the Austrian botanist Reinitzer 120 years 

ago [1]. He was investigating a cholesterol-based compound under microscope, when he 

observed two melting points. The first one occurs at 145 
o
C, from a white solid to a 

cloudy liquid, and the second at 178 
o
C from a cloudy liquid to a clear liquid on heating 

the material. On cooling from the liquid state he observed a blue colour, then violet blue 

until the white solid crystal.  

 

Reinitzer was puzzled about his observations, specifically why the compound had two 

melting points. Therefore, he sent both his samples and observations to the German 

physcist Lehman as a specialist in polarizing microscopy. Lehman investigated the 

samples using polarizing microscope equipped with a heat stage and made many 

detailed observations about this cholesteryl material [2]. He concluded that in 

temperature range from 145 
o
C to 178 

o
C the cholesteryl material must be a new state of 

matter. After a few years, he decided to name this state of matter as “Liquid Crystals” 

[3].  

 

1.2- What are the Liquid Crystals? 

The earliest description of matter, usually taught in school, states that there exist three 

basic states, solid, liquid and gaseous states. In the solid state the molecules are 

arranged with positional and not always orientational order in the three dimensions 

arranged a crystal lattice. However, in both liquid state and gaseous state there is neither 

positional nor orientational order. The temperature and pressure play an important role 

in the transformation from one state to another. At constant pressure with increasing 

temperature the state can change from solid to liquid states and from liquid to gaseous 
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states. In some exceptional cases, there is a direct transfer from the solid state to the 

gaseous state by sublimation (e.g. solid carbon dioxide, dry ice).  Actually, these three 

states of matter are not all the states of matter. However, the plasma can also be 

considered by others as a fourth of matter, in which the atoms are highly ionised and 

lose all electrons in their electronic shells. The liquid crystalline phases are considered 

by many as a yet another state of matter. The liquid crystal phases are located between 

the solid state and the liquid state of matter, (see figure 1.1). The liquid crystalline 

phases have a combination of some solid and some liquid state properties. For instance, 

a liquid crystal (LC) may flow like a liquid, but the molecules of liquid crystal are still 

arranged and/or oriented  like crystals [4] but in just one or two dimensions.  

 

 

 

 

 

 

 

 

 

 

 

1.3- The types of liquid crystals: 

Liquid crystals fall into two categories: thermotropic liquid crystals and lyotropic liquid 

crystals. In thermotropic liquid crystals, the formation of the phases depends on 

Fig. 1.1: The location of liquid crystal among the states of matter and possible 

transition by increasing temperature. The molecules arranged in one dimension 

and on average the molecules are oriented in the same direction. The elliptical 

shapes represent the molecules or atoms of each state. 

Liquid Solid Liquid Crystal Gas 

Temperature 
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temperature, while in lyotropic liquid crystals the formation of the phases depends on 

the concentration of mesogens (the molecules that produce liquid crystal phases) in a 

solvent (e.g. water). Additionally, the type of liquid crystal phase observed is generally 

related to the shape of the molecules. For example, rod-like systems are called 

calamitic, disc-like systems are called discotic and brick-like systems are called sanidic. 

An example of a rod-like mesogen structure is that a rigid core composed from two 

benzene rings connected to each other by a group or single bond to form a rigid system. 

This core is connected to two flexible terminal chains. These terminal chains can 

contain chiral centres which can produce chirality in the molecules. The chiral centre is 

a carbon atom which is bonded to four different groups or atoms as it is shown in 4-(1-

methylheptyl oxycarbonyl) phenyl 4’-octyloxy biphenyl-4-carboxylate (MHPOBC) [5] 

as molecular structures of a chiral liquid crystal while (4-butyl-n-(4-methoxy-

benzylidene)-aniline (MBBA) is achiral liquid crystalline material, see figure (1.2a) [6]. 

 

The main structure of the disc like shape in discotic liquid crystals is similar to the basic 

rod-like structure except in the shape of rigid core; this consists of three or four benzene 

rings which are bonded by groups or single bonds [7] as shown in 

hexapentyloxytriphenylene (HAT) see figure (1.2b) [6]. On the other hand, lyotropic 

liquid crystals (amphiphlic liquid crystals) depend on the concentration of mesogens in 

a solvent, which is usually water. Consequently, these lyotropic liquid crystals 

mesophases are mixtures. Most lyotropic mesogens consist of a head and a tail. The 

head consists of polar groups which tend to dissolve in water i.e. a hydrophilic part, 

while the tail is non-polar groups which tend to go far away from water as possible i.e. a 

hydrophobic part, see figure (1.2c). Depending on the concentration of the solvent, the 

amphiphilic molecules can aggregate to form spheres, or columns, or a laminar 
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structure. In rare cases, these mesogens might show both lyotropic and thermotropic 

phases and they are called “Amphotropic” [6]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) 

Fig. 1.2: Thermotropic liquid crystal categories: a) 

calamitic (rod-like shape), b) discotic, while the 

lyotropic: c) the lamellar phase (these molecular 

structures were redrawn from references as stated 

in the text [5-7]). 

 

a) 

c) 

   

 * 

HAT 
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1.4- Liquid Crystals Phases: 

Liquid crystals exhibit many phases which can be distinguished by the degree of order 

of their molecules. This order can be orientational or positional or both of them 

together. In this thesis, only thermotropic liquid crystals of the calamitic type will be 

considered. The calamitic liquid crystal phases will be discussed briefly in the following 

sections. 

 

1.4.1- Nematic Phase (N):   

For rod-like molecules, the nematic phase is the simplest liquid crystal phase in which 

the molecules are arranged with orientational order as they spread throughout the 

sample. In other words, an average of the molecules which are oriented in the same 

direction of their long optical axis around a particular direction is the director n as in 

figure (1.3). 

  

 

 

 

 

 

 

 

 

 

 

The nematic phase is considered as the least ordered with the highest symmetry of all 

calamitic liquid crystal phases. 

n 

βθ  
Fig. 1.3: Mesogens represented by a rod-like shape where 

the director, n, refers to the average direction of the long 

molecular axis (optical axis). The angle βθ  represents the 

angle between the director and individual mesogens [6]. 
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1.4.2- Chiral Nematic Phase (N
*
):   

The chiral nematic phase can be considered as another nematic phase and sometimes is 

known as the cholesteric phase. The terms cholesteric and chiral nematic are often 

interchangeable because this phase was originally observed in cholesteric-based 

compound which exhibited the first discovered liquid crystal phase. Additionally, the 

molecules in this phase have the ability to rotate polarized light due to the existence of 

asymmetric carbon atom, a carbon atom that is bonded to four different groups or 

atoms. To distinguish between ordinary nematic phase and chiral nematic phase we use 

the symbol of an asterisk (*) which refers to the chirality of the molecules.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                     [8].  

n 

n 

n 

n 

Fig. 1.4: A schematic diagram showing the chiral nematic phase. The director is 

rotated periodically, while the structure is still continuous. There are not any actual 

layers through the structure; the image is taken from reference  
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In the chiral nematic phase, the director rotates gradually and continuously through the 

bulk as shown in figure (1.4). When these rotations complete 360º by an azimuthal 

angle Φ between layer and the previous layer the helical structure conformation will be 

formed. Thus, the distance it takes for the director of a cholesteric liquid crystal to go 

through one complete rotation of 360º is the helical pitch. 

 

1.4.3- Smectic (Sm) Phases:  

In the smectic regime the crystalline order is lost in two dimensions, and then we have 

stacks of two-dimensional liquid crystals. The smectic liquid crystals have layered 

structures, with a well-defined interlayer spacing which can be measured by x-ray 

diffraction [9]. These phases show both orientational and positional order. Therefore, 

the smectic phases are more ordered than the previous phases and have many types, so 

we will discuss some of them briefly. The thesis study considers the smectic phases 

only. The investigation focuses on the intermediate phases of the titled smectic 

subphases which will be discussed briefly in the following sections. 

 

a) Smectic-A (SmA) Phase: 

The molecules are stacked in this phase, as is shown in figure (1.5a), where the director 

is parallel to the layer normal, K . The positional order is such that the molecules pack 

in layers to form a lattice which has a unit cell thickness, d. The values of d and l which 

is the molecular length, can be obtained by using x-ray scattering experiments [6]. Thus, 

the resonant x-ray scattering method is used to elucidate the molecular arrangement and 

dimension of molecules in layers of many phases. The x-ray scattering is a synchrotron 

technique which used to determine the super lattice structure of a phase [10]. 
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By using small angle x-ray scattering (SAXS), the smectic layer spacing can be 

evaluated according to the Bragg equation (1.1): 

                                          Bdn θsin2=D                                                 (1.1) 

where n  is diffraction order, D  is the x-ray wavelength (often 
o

A54.1=D ), d  is the 

layer spacing and Bθ  is the diffraction angle. In the SmA phase the spacing layer d is 

approximately equal to the length of the molecule l  [6,11]. The relation between the 

layer spacing d and the molecule length l  is shown in equation (1.2): 

                                          θcosld =                                                     (1.2) 

where θ  is the angle between the director and the layer normal. This angle θ  = 0 in the 

SmA phase and the resultant the thickness of layer d is approximately equal to the 

molecular length l. However, this is not a general rule in the SmA phase as a mono layer 

d 
d 

 θ  
K n  K

 

b) 

Fig. 1.5: This schematic diagram shows the smectic liquid crystal phases: a) the SmA          

phase and b) the SmC phase and the bold arrows are directors and show the 

orientational order direction. The director and layer normal are denoted by the unit vectors 

n and K , respectively. 

a) 
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only with ld ≅ of mesogens. The possible arrangement of the SmA phase layer can be a 

double layer with ld 2≅  or overlapped molecular arrangement, where the layer 

thickness ldl 2<< . The smectic A phase appears first as the temperature decreases if a 

compound shows both the smectic A and C phases [12].  

 

b) The smectic-C (SmC) phase: 

This phase also has orientational and positional order, but the director is tilted by an 

angle θ  with respect to the layer normal K  as shown in figure (1.5b). The layer 

thickness d in this case can be calculated as shown in equations (1.1) and (1.2). If the 

mesogens have a chiral centre, then the SmC phase will have a lack of symmetry when 

rules of symmetry are applied to the system. As a result, the chiral SmC phase can 

exhibit the ferroelectricity [13]. The azimuthal orientations of the tilted molecules in 

this phase vary slightly by angle Φ in each layer to form a helical structure. Thus, the 

distance it takes for the director to rotate slightly by azimuthal angle Φ to go through 

one complete rotation of 360º to form a complete helical pitch. The ferroelectric SmC
*
 

phase has a helical structure and is noted with different symbol to differentiate it rather 

than the non-chiral smectic-C phase. Thus, the asterisk (*) symbol donates chirality in 

the ferroelectric phases. 

 

The chiral tilted smectic phases (SmC
*
) are an interesting class of phases in the smectic 

phases. The molecular orientation of the various tilted SmC
*
 phases varies from layer to 

layer in several ways as will be discussed in the other tilted SmC
*
 phases or the SmC

*
 

subphases. These subphases are known as the alpha phase (SmC
*
α) or the more 

complicated intermediate phases including intermediate phases (SmC
*
d6, SmC

*
FI1 and 

SmC
*
FI2) and finally, the antiferroelectric phase SmC

*
A. All are described below. 
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I- The Smectic C-alpha (SmC
*

αααα) phase: 

The discovery of this interesting SmC
*
α phase was simultaneously made with the 

intermediate and the antiferroelectric phase [14]. The discovery was confirmed by the 

thermal studies that were made by differential scanning calorimetry (DSC) and AC 

calorimetry (ACC) [15-16]. The molecules in the SmC
*
α phase are tilted with respect to 

the layer normal typically by less than 10º
 
[17].

  
The SmC

*
α phase has a helical structure 

in which the helicoidal pitch is of the order of only a few layers [18-19], compared to 

several hundred layers in the other phases of the SmC
*
 phase. In addition, the smectic 

SmC
*
α phase has always biaxial properties [20], although it is optically uniaxial at the 

length scale of visible light due to the helical structure. 

 

As mentioned, resonant x-ray scattering experiment is a powerful tool to elucidate the 

structure of certain liquid crystalline phases. The final structure of SmC
*
α phase was 

revealed as extremely short incommensurate helical pitches of just few layers, as was 

reported by Mach et al [18]. Figure (1.6) shows the incommensurate structure of the 

SmC
*
α phase by looking at the smectic layer as first predicted in the discrete clock 

model by Cepic et al [21]. However, the commonly accepted structures for the SmC
*
α 

phase, seem to be those predicted by the distorted clock model [22-23]. One of the 

characterizations of the SmC
*
α phase is the absence of unit cell or repeatable layer 

structure due to the rapid winding along the axis normal to the molecular layers. This 

phase in fact is a short pitch ferroelectric phase. However, at high temperatures, this 

phase exhibits some antiferroelectric properties, e.g. two transient current peaks as is 

also observed in the antiferroelectric phase. In contrast, at low temperatures in the 

SmC
*
α phase, the characterization becomes ferroelectric-like as one transient current 

peak appears in an applied electric field [24]. This raises the ambiguity in the SmC
*
α 
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phase structure. The gradual appearing of the ferrielectric characterizations at low 

temperature in the SmC
*
α phase suggests the emergence of the Devil’s staircase [25]. 

The reason for existence of these dual characterizations in the SmC
*
α phase is the 

Coulomb interaction between smectic layers due to the collective polarization 

fluctuations when spontaneous polarization is not zero as reported by Prost and 

Bruinsma [26]. These collective polarization fluctuations are responsible for the 

antiferroelecitiy in the high temperature region of the SmC
*
α phase, beside the existence 

of the SmC
*
 ferroelectricity may cause more staircases [25]. 

 

 

The competition between the interactions stabilizing the antiferroelectric SmC
*
A phase 

and the ferroelectric SmC
*
 phase causes the occurrence of several varieties of the 

ferrielectric and the antiferroelectric subphases. 
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Fig. 1.6: Schematic diagram about the incommensurate helical structure of 

the SmC
*
α phase by looking at the smectic layer plane as predicted by 

distorted clock model. 
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 II- The Smectic-C
*

d6 (SmC
*

d6) Phase: 

In the beginning of 2010, another intermediate or SmC
*
 subphase was discovered by 

Wang et al [27].  The newly discovered phase has six layers in the periodic unit cell. 

Wang reported that the 6-layer intermediate phase was discovered in two different 

mixtures and three experimental observations proved their discovery. The first 

experiment involved measuring the pitch length and a clear jump in the pitch was 

observed at the transition from the SmC
*
α phase to the SmC

*
d6 phase. The second 

experiment was the using resonant x-ray scattering technique which proved the 

discovery. The positions and polarisation of the resonant peaks would be observed in 

the smectic liquid crystals were predicted by Levelut and Pansu [28]. They derived the 

formula that predicted the positions of the resonant peaks as in equation (1.3): 

                                 







Σ±+=

ν

1
m

Q

Q

o

Z
l                                              (1.3) 

where oQ is the scattering vector of the Bragg peak and equals dQo /2π= , d is the layer 

thickness, l and m  are integers which l  refers to principal peaks( ,....2,1=l ) and  m  

refers to the satellite peaks can take values ( 0=m , 1± , 2± ), Σ is the ratio of the layer 

spacing d  to the helicoidal pitch oP  being oPd /=Σ  and ν  is the number of layers in 

the superlattice. The different subphases exhibit different superlattice periodicity within 

number of layers ν  would take values (2, 3, 4 and 6). For example, 2=ν  for the 

antiferroelectric SmC
*

A phase, 3=ν  for the three layer phase, 4=ν  for the four layer 

phase and 6=ν for 6 layer phase. In the SmC
*
α phase, one peak appears approximately 

at Qz/Qo=1.183, while the resonant peak of the six layers phase is located at 

Qz/Qo=1.167. The position and intensities of the two peaks of the resonant x-ray 

scattered beam show that the pitch length is of the order of 350 layers (1.36 µm) and the 

tilt directions in neighbouring smectic layers which is known as the distortion angle α 

[21-22] is 27
o
±2

o
 in the mixtures. The SmC

*
d6 phase has a biaxial structure as is shown 
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in figure (1.7). This structure is deduced from the split resonant peak. This splitting can 

be used to differentiate between the uniaxial structure with one peak, as in the SmC
*
α 

phase, and the biaxial structure with two peaks as in the SmC
*
d6 phase.  

 

 

 

 

 

 

 

 

The third experiment determined the order of transition from the SmC
*
α phase to the 

SmC
*
d6 phase to be a first order transition. This new phase needs further study and 

investigations to reveal more properties and characteristics. 

 

III- The Intermediate Smectic Phases: 

The process of investigating materials that form the antiferroelectric phase, at least two 

more tilted smectic phases known as the intermediate smectic phases, were observed 

between the SmC
*
 phase and SmC

*
A  phase [5,15,24]. These phases are denoted as the 

SmC
*
FI1 phase and the SmC

*
FI2 phase. They have chiral molecular structures with the 

three-layer and four-layer periodicity existing in the SmC
*

FI1 phase and the SmC
*

FI2 

phase, respectively [19,29]. The resonant x-ray scattering experimental results of Mach 

et al.[18-19], indicated that the structure of the intermediate phases could follow “the 

clock model” and excluded the predictions that were proposed by “Ising Model” [30] 

for the highest temperature intermediate SmC
*
FI2 phase. However, there was a 

contradiction between these early resonant data, which showed the uniaxial clock model 

Fig. 1.7: The distorted structure of the SmC
*
d6 

phase (taken from ref. [26].) The distortion 

angle α between layers is 27
o
±2

o
 which has 

not strong temperature dependence. The phase 

has a six layer periodicity. 

αααα 
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could be correct, and the optical methods such as elipsometry [31] and conoscopy [32] 

which revealed the biaxiality in the SmC
*
FI2 phase. Therefore, Lorman [33] proposed a 

biaxial model for the phase and it was predicted the resonant peak would be split. 

However the reason for splitting the resonant peak is the helical structure that is 

distorted by angle α. The degree of biaxiality (or distortion angle α) could be calculated 

from the intensity ratio of the split peaks [34]. The distortion angle is between 5
o
 to 25

o
 

in the 4-layer intermediate phase. The calculated distortion angle in the SmC
*
FI2 phase 

showed no significant dependence on the temperature through the phase [35]. The 

distorted structure of the SmC
*
FI2 phase is shown in the figure (1.8a). This phase has 

tilted molecular structure and zero spontaneous polarization due to opposite electric 

dipoles directions among the layers. Thus, the four-layer intermediate phase is 

antiferroelectric and therefore non-polar phase. The unit cell a  consists of four layers 

with layer thickness d , so da 4=  as shown in the figure (1.8b).  

 

On the other hand, the three- layer phase is a lower temperature intermediate phase and 

is denoted the SmC
*
FI1 phase. The structure of this phase has also been confirmed via 

resonant x-ray scattering experiments [18,19,29,34]. The distorted structure of the 3-

layer intermediate phase was revealed as shown in the figure (1.8a). Therefore, we can 

conclude the distortion angle α definition as the smallest azimuthal angle adopted 

between two successive layers in the 3-layer structure minus the additional constant 

interlayer rotation of oPd /2π=Σ due to the helicoidal pitch, here d is the smectic-layer 

spacing and Po is the pitch. The calculated distortion angle is between 40º and 60º 

[29,35] in the SmC
*
FI1 phase. The biaxiality of this phase was confirmed by resonant x-

ray scattering from the different height of the split resonant peaks [34]. The three-layer 

intermediate phase is ferrielectric and therefore polar phase. The value of S
P  in the 

SmC
*
FI1 phase is approximately one third of the value of S

P  in the SmC
*
 phase which 
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reflect the macroscopic properties of the phase. The periodic unit a  consists of repeated 

three layers with a layer thickness d , so da 3=  as shown in the figure (1.8 b).  

 

 

 

 

These intermediate phases have not been observed in the absence of the chirality. The 

reason the distortion angles in the intermediate smectic phases are non-zero is because 

of the presence of a chiral torque. This torque might then be expected to be dependent 

on one or both of the inverse pitch of the system, and θsin/SP , where SP  is the 

spontaneous polarization and θ  is the tilt angle of the liquid crystal material. 

SmC
*
FI1 Phase SmC

*
FI2 Phase 

Fig. 1.8: The structure of the tilted intermediate smectic phases as viewed 

along the layer normal. The diagram, a) the SmC
*
FI1 and SmC

*
FI2 phases have 

three periodic and four periodic layers, respectively. The distortion angleα and 

the chirality of the phase induces a step change in the azimuthal angle from 

one layer to the next of Φ , b) the periodicity, the unit cells a  and layer 

thickness d in the ferrielectric SmC
*
FI1 phases and the antiferroelectric SmC

*
FI2 

phase . 

a) b) 

d 

d 

a 

a 

Φ+α  

Φ+α  Φ×3  

Φ×4  
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IV- The Antiferroelectric phase SmC
*

A: 

Antiferroelectric liquid crystals have attracted much interest since antiferroelectricity 

was observed in some chiral smectic C
*
 liquid crystals. The discovery was carried out 

by using conoscopic experiments by Chandani et al [14] in 1988 on a material called   

4-(1-methylheptyl oxycarbonyl) phenyl 4’-octyloxy biphenyl-4-carboxylate 

(MHPOBC). Although, the first antiferroelectric liquid crystalline material was already 

synthesized in 1983 by Levelut et al [36], the discovery was in 1988 by Chandani. 

According to Chandani [15], the antiferroelectric SmC
*
A phase is characterized by an 

alternation of tilt direction of the average molecular orientation (the director).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 

a) b) c) 

Fig. 1.9: Schematic diagram illustrates the helicoidal pitch and periodic structure of 

the anticlinic SmC
*
A phase, where a) the structure is as predicted by the distorted 

clock model and as viewed along the normal layer, b) The alternation of two 

adjacent layers forms the unit cell. The director of each layer is anti-parallel to the 

neighboured layer and form double twisted helices as in c), (redrawn from ref [37]). 

The periodic structure unit a  consists of two layers with layer thickness d . 

a 

The SmC*A  phase. 

d 

Φ×2
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Moreover, the basic structure unit is just two layers which repeated periodically as the 

unit cell a = 2d, see figures (1.9a) and (1.9b). Therefore, these two neighbouring 

opposite layers produce a double twisted helicoidal structure formed by two united 

identical ferroelectric SmC
*
 helices as shown in figure (1.9c). As result, the polarization 

due to the net anti-parallel electric dipole moment in the antiferroelectric phase is zero. 

Because of the chirality, the directions of the spontaneous tilt and in-plane polarization 

slowly deviate around the layer normal as one move along the direction perpendicular to 

the smectic plane. This causes a small deviation from a 180º
 
alternation in the tilt 

between two adjacent layers and the formation of a helicoidal structure [37]. Therefore, 

upon cooling the sample from the liquid (isotropic) phase, possible typical phase 

transition sequence is: Isotropic → SmA
 
→ SmC

*
α →SmC

* 
→SmC

*
FI2 →SmC

*
FI1 

→SmC
*
A →Cr. These notations were proposed by Lagerwall et al [38] such as SmC

*
α , 

SmC
*
, SmC

*
FI2 [4-Layer antiferroelectric phase] and SmC

*
FI1 [3-Layer ferrielectric 

phase]. 
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1.5- Summary: 

The important discoveries and definition of the liquid crystals were reviewed briefly. 

The fundamental basics and the calamitic liquid crystals type were introduced. 

Moreover, the varieties of the calamitic liquid crystals phases that can be produced by 

the rod-like mesogens were briefly discussed. Additionally, the main structure and 

features for each phase were described, as they have been elucidated through using the 

powerful tool of resonant x-ray scattering. Thus, this introduction chapter will be 

helpful to understand the main features and conformational structure of the each phase, 

especially the tilted smectic subphases as the SmC
*
α, SmC

*
FI1 and SmC

*
FI2 phases 

which were focused on this thesis. 
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2.1-Introduction: 

In this chapter, three basic models and theories which were used in the investigation of 

the SmC
*
α and the intermediate phases will be introduced. The determination of 

rotational viscosity mechanisms through dielectric relaxation is examined for the SmC
*
α 

phase, Further, the induced transition in the intermediate phases that is caused by 

applying electric fields will be reviewed. These models and theories will be discussed in 

detail with respect to the experimental results in the following chapters. The outcomes 

of these theories and the experimental results allow an understanding of the mechanisms 

of switching and probe the internal dynamics of the phases of ferroelectric and 

antiferroelectric liquid crystals.   

 

2.2- Ferroelectricity: 

The phenomenon of ferroelectricity in liquid crystals is defined and it is shown also 

how it is predicted, before summarising the models and theories relevant to this 

theories. This approach facilitates the understanding of these models. Ferroelectricity in 

liquid crystals was first reported in 1975 by Meyer [1]. The ferroelectricity is defined as 

the phenomenon that existed in certain materials which have the availability of the 

reversibility of the permanent polarization by an electric field [2].  He understood liquid 

crystals very well. He had the courage to ask if there is a phase in liquid crystals that has 

any ferroelectric properties, at a time when most scientists in solid state physics refuse 

the idea of the existence of ferroelectricity in the liquid or liquid-like states. 

Nonetheless, Meyer could prove that ferroelectric liquid crystals existed both 

theoretically and experimentally. In his theoretical proof, a symmetry argument was 

most convenient. Liquid crystals often have inversion symmetry and for this reason they 
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are not ferroelectric. Therefore, some conditions must be achieved in the materials that 

exhibit the ferroelectricity, summarised as the following:  

• One asymmetric carbon atom or more (which is bonded with four different 

atoms or groups) must exist in the liquid crystalline molecules. 

• The dipole moment component must be perpendicular to the long axis of the 

molecule as a natural or basic part of the molecular structure. 

• The molecules must be tilted with respect to the axis normal to the layer in the 

relevant smectic phases, such as occurs in the smectic C or the smectic I phases. 

 

The question suggests itself now, why must these conditions occur to have 

ferroelectricity in the liquid crystals? The answer comes in the Neumann’s principle 

which was stated in the 19
th

 century that “the symmetry elements of any physical 

property of a crystal must include all the symmetry elements of the point group of the 

crystal” [3]; 

                                                         ka GG ⊇ , 

where Gk denotes the symmetry group of the crystal, Ga is the symmetry group of the 

physical property and the sign ⊇  indicates that the subgroup belongs to the group. 

Another principle was generalized by Curie to include phenomena beside the physical 

properties in the medium. Curie’s principle of symmetry [4] stated that “the asymmetry 

of the effects must pre-exist in the causes, and the effects may be more symmetric than 

causes.” Curie concluded that the necessary of presence the symmetry elements to 

produce phenomenon is not required because some of the symmetry elements coexist 

with the phenomenon. On the contrary, the absence of certain symmetry elements is 

necessary to generate a phenomenon i.e. an asymmetry creates the phenomenon. The 

physical phenomena identify the relations between the causes and effects or the 

influences and the responses. 
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Thus, Meyer used these principles using one physical property of ferroelectricity, the 

polarization P , to prove the existence ferroelectricity in the liquid crystal. In the 

argument, some elements of symmetry were applied on the polarization
→

P  

components ),,( zyx PPP  on the x,y,z- axes as illustrated below in figure (2.1).  

      

               ),,( zyx PPPP =
r

 

 

 

 

 

 

 

 

The symmetry elements can be demonstrated as operations of rotations around the 

molecular axes, reflections through planes which act as mirrors, inversion through a 

point or combinations of these three operations. These elements are applied on the 

molecules or systems such as crystals to reach the same arrangement of atoms or 

molecules before applying the symmetry operations. These symmetry elements were 

classified into point groups of symmetry such as nC , nS ,σ , nD …etc [5]. These point 

groups of symmetry and the operation can be presented as mathematical formula and 

matrices to produce the group theory [6]. The structure in the chiral smectic C
*
 has 

monoclinic symmetry. Therefore, the only element symmetry which can be applied to 

this phase is a two-fold axis normal to the tilt direction and in the plane of the layer. 

This symmetry element can be represented by yC2 . When the element of symmetry yC2  

Fig. 2.1: The polarization components ),,( zyx PPP of 

the polarization vector P
r

on the Cartesian coordinates 

for one mesogen in the tilted SmC
* 

layer. 

Long Molecular 

axis 

y 

x 

z 

→

P  

xP  

zP
 

yP  
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is applied, the resultant is that one component of the polarization, yP , still exists as in 

equations (2.1a) and (2.1b). Thus, ferroelectricity will occur in the SmC
*
 phase. 

     If,        ( ) ( )
zyxzyx PPPPPP −−−→ ,,,,            then        ( )0,0,0=P

v
,           (2.1a) 

                ( ) ( )
zyxyzyx PPPCPPP −−⇒⇒ ,,,, 2              ( )0,,0 yPP =

v
,          (2.1b)  

then, reflection through xz-plane which is normal to the y-axis of rotation; 

                ( ) ⇒⇒ hyP σ0,,0  The reflection is prohibited due to chirality.      (2.1c) 

In the contrary, the achiral SmC phase obeys the symmetry rules and equation (2.1b) 

should be as the following: 

                ( ) ( )0,,00,,0 yhy PP −⇒⇒ σ               ( )0,0,0=P
v

= 0                      (2.2)     

This means the all polarization components will be vanished after applying the 

symmetry elements in the SmC phase as in equation (2.2) and no ferroelectricity occurs. 

Another question suggests itself again, why does not the SmA
*
 phase which has chiral 

molecules show ferroelectricity as well as SmC
*
 phase? The answer is simple, because 

the SmA
*
 phase is not tilted phase. Regarding the symmetry arguments, this phase is 

belongs to the nD  point group. In this group to achieve the symmetry to the origin 

molecules or system, two fold rotation axis perpendicular to the major rotation axis 

must be involved. Therefore, by applying a 180
o
 rotation around y-axis the polarization 

component yP  is still remaining, but after a 90
o
 rotation around z-axis this component 

will be vanished to be transform another component xP  as in following equations. 

Firstly, a rotation 180
o
 about y-axis, 

               

                ( ) ( )
zyxyzyx PPPCPPP −−⇒⇒ ,,,, 2          ( )0,,0 yPP =

v
.                 (2.3a)  

Then, a rotation of 90
o 

around z-axis, 

                ( ) ( )0,0,0,,0 xy PP →                              ( )0,0,0=P
v

=0                   (2.3b) 
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The resultant is no polarization can occur in the SmA phase of chiral mesogens and 

ferroelectricity can not be existed [7]. 

 

The choice of a liquid crystalline material that exhibits ferroelectricity is important, 

following the symmetry arguments to prove the existence of ferroelectricity in the liquid 

crystals successfully. The material must have the SmC
*
 phase at reasonable 

temperature. The optically active amyl-(p-(p-decyloxybenzylideneamino))-cinamate 

(DOBAMBC) was chosen and proved existence the ferroelectricity successfully [1]. In 

1976, Keller et al [8] modified the DOBAMBC material to have more polarity in the 

chiral group by adding a highly polar chlorine atom to attached to the asymmetric 

carbon atom directly. This modification fixed the deficiency of weak coupling of 

internal rotations to the polar groups that occurred in DOBAMBC [9]. 

 

2.3- Rotational Viscosity Mechanisms: 

2.3.1- Tilt Angle θ  : 

The tilt angle is the angle between the director and the layer normal of the SmC
*
 phase, 

as shown in figure (2.1). It is considered as the primary parameter of the orientational 

order in ferroelectric and antiferroelectric liquid crystals in which the tilt angle depends 

on temperature [10-11]. Tilt angle is constant with respect to all chiral smectic–C
*
 

layers but the direction of molecular tilt changes gradually from layer to layer forming 

helical structure with a pitch length that also depends on temperature[12]. There are two 

main measurements of tilt angle with two different techniques. The first measures the 

tilt angle optically (known as the optical tilt angle oθ ).  In FLC materials, the long axis of 

the molecules is rotated through twice the tilt angle oθ  on reversal of an applied field. 

When a surface stabilized ferroelectric liquid crystal device (SSFLC) [13] is placed 
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between two polarisers, the optical axis of one of the two bistable states is parallel to 

one of two polarisers. The transmission light in the other bistable state is given by: 

                                   






 ∆
=

λ

π
ϕ th

o

dn
II

22 sin)4(sin ,                                (2.4) 

where n∆  is birefringence, ϕ is the angle with respect to the two crossed polarizer 

direction, λ  is the wavelength of the light and thd  is the thickness of the device. The 

polarized light that passed through sample which placed between the crossed polarizers 

at °± 45 , can be fitted by the 2sin equation as in (2.4). The optical tilt angle can be 

measured by finding the first angle at the position of minimum transmittance which can 

be detected by a photodiode and the second angle at position of maximum 

transmittance. The difference between the two angles is twice of the tilt angle. 
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Fig. 2.2: A sketch showing the different tilt angles that can be measured. a) The 

optical tilt angle illustrated as angle between the optical axis and the layer normal, 

while the steric tilt angle is angle between the mass axis and the layer normal. b) 

One material used shows both its mass axis (red line) and optical axes (black line) 

with the corresponding tilt angles. 
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The second tilt angle, which can be measured by x-ray diffraction, is called the steric tilt 

angle sθ . This angle reflects the orientation of the molecular axis of mass with respect to 

the layer normal, as shown in figure (2.2). The steric tilt angle can be deduced by 

defining the layer spacing at the transition from the SmA to the SmC
*
 phase as the 

molecular layer and determining values of layer spacing after transition. This steric 

angle sθ  is given by: 

                      
C

s
d

d
=θcos    ,          








= −

C

s
d

d1cosθ .                               (2.5) 

Here, d is the layer thickness in the SmC
*
 phase and dC is the layer thickness at the 

SmA-SmC
*
 phase transition temperature. Both the steric and the optical tilt angles 

increase with decreasing temperature and are not usually constant with varying the 

temperature. The steric angle is usually lower than the optical tilt angle by a factor 

approximately equal to 0.85 [14], i.e. it is lower with 15% in value than optical tilt angle 

saturated value. While in some materials that were studied in this thesis (A, D and F) 

has smaller steric tilt angle with 35% lower than the optical angle as it was reported by 

Mills et al [15]. The dependence of both optical and the steric tilt angles on the 

temperature can be predicted through the Curie-Weiss law [16]: 

                        
x

C

o
TTT )()( −=θθ ,                                                           (2.6) 

where, θ (T) is the tilt angle which depends on the temperature T , oθ  is a constant, CT  

transition temperature from the SmA phase to the SmC
*
 phase and x  is a critical 

exponent constant and theoretically equal to 0.5 [16]. The typical value of the exponent 

in equation (2.6) for the observed ferroelectric liquid crystal materials are between 0.3-

0.5 [16]. Thus, tilt angle θ  and hence SP  (which is proportional to θ ) exhibit a power 

law variation with temperature. 
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2.3.2- Spontaneous Polarization SP  : 

The spontaneous polarization SP  is a very important parameter in ferroelectric and 

antiferroelectric liquid crystals. In addition to being relevant to their applications, it is 

important in explanations of their physical properties. Moreover, it is useful and strong 

tool to illustrate molecular structures, physical properties of liquid crystals, and gives 

some information about the internal environment of the smectic-C
*
 phase and subphases 

as well. The spontaneous polarization is a macroscopic property but it can be used to 

examine the microscopic properties of chiral liquid crystals.  

 

It can be identified that the polarization is relying on the coupling between the local 

dipoles at, or around, the asymmetric carbon centres which produce the chirality for 

mesogens in the ferroelectric mesophase as shown in equation (2.7) [7]. There are 

several factors that influence the magnitude of SP  such as: the position of the chiral 

centres from the rigid core, the value of the polarity and orientation of the dipoles at the 

chiral centre, the packing structure and the coupling between the dipoles among the 

molecules and the molecular dynamics of the phase. 

                                  ∑∝
i

ii NP µ ,                                                        (2.7) 

Where P is the polarization of the system, iµ  is the dipolar parts of the molecules that 

leads to polarization and iN  is the relative number density. The dipolar parts iµ  is 

defined as the dipole moment which can be existed due to the displacement of electron 

charge density from one atom to another atom surrounding due to the electronegativity. 

Thus, the definition of the dipole moment is the product of charge e by the distance r 

between these two charges er=µ . The term iµ is the average of the dipole moment 

which existed in the same direction to produce permanent internal electric polarization.  
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 The spontaneous polarization again is dependent on temperature, and increases with 

decrease temperature. Moreover, the spontaneous polarization behaves according to the 

Curie-Weiss law in ferroelectric liquid crystals [12]: 

                                   
x

C

o

SS TTPTP )()( −= ,                                             (2.8)   

where SP  (T)  is the spontaneous polarization which depends on temperature  T (
o
C) , 

o

SP  is a constant, CT  is the transition temperature from the SmA to SmC
*
 phase and x  

is critical exponent constant and equal theoretically 0.5, but experimentally is found to 

vary from 0.3 to 0.5 [13]. The SP  is vanished when the temperature increases to the 

critical point CT .  In antiferroelectric liquid crystals, SP  does not always follow the 

Curie-Weiss law. The methods of measuring the spontaneous polarization will be 

discussed in detail in the next chapter. 

 

2.3.3- Response Times τ : 

The response time is related to the rotational viscosity measurement because the 

response time depends on the rotational viscosity, additional to be considered as 

important parameter to define the switching speed. The optical response time can be 

defined as the time has been taken by the director to switch from one optical state to the 

opposite optical state of a single domain when a pulse of a certain voltage is applied, as 

reviewed in the first publication of the surface stabilised ferroelectric liquid crystal 

SSFLC [13]. There are several types of response times which their definitions are close 

to the main definition that stated above. One of these responses may be defined as the 

time taken to change the transmittance of a material from 10% to 90% as shown in 

figure (2.3). In ferroelectric and antiferroelectric liquid crystals the response time could 

be measured by using pulse technique [13].  In this case, response time is defined as the 
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Fig. 2.3: Schematic diagram showing the %90%10 −τ  response time at 50 
o
C in one of 

the used material (D4) as the time taken for transferring from 10% to 90% of the 

transmission when square pulse at a certain voltage is applied. 

 

time between the field reversal and the peak of current pulse when a square-wave 

driving voltage is applied. The response time is inversely proportional to the applied 

field [17,18]: 

                    
EPs76.1

%90%10

γ
τ =−                                                       (2.9) 

where γ is the rotational viscosity, SP  is the spontaneous polarisation and E  is applied 

field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the case of using pulse the technique, the current response time mτ  which is defined 

as the time taken from field reversal to the peak position of the response, can be seen in 

the figure (2.4).  
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The value of mτ  can be calculated from equation (2.10) [19]:   

                             
max2 I

A
m =τ                                                               (2.10) 

where A  is the area under peak of the current pulse, maxI  is the height of peak which 

represents the transient current and mτ  is the empirical switching time. In addition to 

these response times, 
mt  is the empirical response time which refers to elastic effects 

that determine the peak position on the time axis as shown in figure (2.4). The response 

time at the full width at half maximum wτ  represents the sum of the time for current to 

decay from the current peak to half of the peak value ( +t ) and the time for current to 

increase from the half current peak value to the current peak ( −t ) [19] as shown in the 

figure (2.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4: A square waveform profile for one mixture of the used material (A5). 

The graph illustrates how to calculate several response times that could be 

extracted from the transient profile when a square-waveform of a certain voltage 

(15 Vrms) was applied according to the simple dynamic model. 
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According to the simple model [18], this time is related to the rotational viscosity 

through convenient formula as in equation (2.11):                    

                             EPs

w
76.1

γ
τ =

                                                        (2.11) 

The response time wτ  is easier to evaluate with much smaller experimental error than 

measuring the individual values of ( +t ) and ( −t ). Thus, the sum ( +t + −t ) is measurable 

and favourable because the sum ( +t + −t ) or wτ  does not depend on the non-uniformities 

in the sample. Additionally, the reason for inducing the value (1.76) in the response 

time and viscosity equations (2.9) and (2.11) is as follows: 

 

                  ( ) ( ) 76275.183ln =+=+ −+ ttk                                      (2.12) 

and                                  

                  

( )
γ

22
KPE

k
+

=
                                                             (2.13) 

 

where P  is the ferroelectric polarization, E  is the applied electric field, K  is an 

effective elastic constant, and γ  is the rotational viscosity [17]. The role of the elastic 

constant K is giving information about the nature of the elastic boundary conditions or 

layers boundary conditions through its dependence on the sample thickness thd .  For 

example, if K is independent on thickness thd , K should be propotional to d
-1

, but if K 

depends on layer that has fix proportion to the sample thickness thd , then K should be 

proportional to d
-2

. 
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2.3.4- Rotational Viscosity φγ  : 

As illustrated in the previous section describing the response time, the rotational 

viscosity relation to the response time which is the time required to switch between 

stable states. The rotational viscosity is very important parameter which is related to the 

torque done due to the polarization P  multiplied in the applied electric field E  on the 

mesogens. Thus, the viscosity determines the switching dynamics response to the force 

PsE. 

 

The rotational viscosity φγ  is defined as a result of the viscous torque being exerted on 

the director during rotation of the molecules and by the shear flow with a fixed director 

orientation [20]. If we ignore the complications arising from shear flow effects, the 

effective viscous torque ( L ), which acts on molecule with pre-existing angular velocity 

( dtd /Θ ) in the absence of shear flow, can be deduced simply from the following 

equation (2.14): 

                                    
dt

d
L

Θ
−= φγ    ,                                                 (2.14) 

where, φγ  is rotational viscosity of the phase and Θ  is the angle of rotation and the time 

derivative of Θ  gives the angular velocity. According to the simple model for the 

reversal current method, the rotational viscosity φγ  was evaluated via equation (2.9) 

when the optical response time was used at applying electric field E  in a square 

waveform, see figure (2.2). Additionally, this viscosity φγ  can be obtained also by using 

equation (2.11) as shown in figure (2.4) [15]. 

 

Miyasato et al. [21], were the first people to apply the triangular wave to the current 

reversal to get a direct spontaneous polarization measurement in ferroelectric liquid 
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crystals. Therefore, the simple dynamical model [22] investigates the dynamics of the 

polarization reversal in more details. The current response to a triangular driving 

voltage has been analyzed to yield information on the rotational viscosity, see figure 

(2.5). Thus, the viscosity can be evaluated by analysing the waveform profile of the 

current reversal when triangular field E  is applied. If the current peak value is 

represented by mI  and the corresponding driving electric field is Em, then the rotational 

viscosity will be given by equation (2.15) [21-23], 

                                      
m

mSe

I

EPA 2

=φγ                                         (2.15) 

where Ae is the electrode area. 
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Fig. 2.5: A triangular waveform profile of the current reversal for one 

material (B0) of the used materials. The graph illustrates how several 

parameters are extracted to yield information and values that used in 

evaluating the rotational viscosity. 
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The most important assumption in our derivation is that the liquid crystal layer is 

spatially uniform at any instant [22]. The smectic layer orientation has a high influence 

on the rotational viscosity measurement, so the technically critical parameters such as 

field strength and frequency of the signal have to be chosen high enough to avoid any 

effects on the measured quantities [23]. The dependency of the rotational viscosity on 

temperature should follow the Arrhenius law as in equation (2.16a), and then the 

activation energy AE  is given as: 

                       





=

RT
E Aexpοφ γγ   ,                                  (2.16a) 

where R  is the gas constant, 
o

γ  is a constant and T  is the absolute temperature. The 

activation energy using gas constant is used for macroscopic properties as (2.16a), while 

activation energy using the Boltzmann’s constant BK  is used for the microscopic 

properties as equation (2.16b): 

                       





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TK
E

B

Aexpοφ γγ    .                               (2.16b) 

 

2.3.5- The rotational viscosity via dielectric spectra: 

The rotational viscosity φγ  can also be determined by using a dielectric method which is 

one of most valuable methods besides the current reversal method. The viscosity 

deduced in this way is called the Goldstone mode rotational viscosity Gγ . It is related to 

rotations around the smectic cone due to a Goldstone mode [24]. The Goldstone mode 

concept was originated [25] from the field of elementary particles and it is widely used 

in physics. Levstik et al. [26] derived the expression showing how the rotational 

viscosity Gγ  can be determined from the measurement of the Goldstone mode part of the 
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dielectric susceptibility [27] and knowing the spontaneous polarization and the tilt angle 

of the system. The derived equations of rotational viscosity Gγ  will be presented briefly 

below. The switching equation which is well known [23,28-29] is: 

 

                    

•

−=− φθγφθφ GKPE "sin 2

3          ,                           (2.17) 

 

where P is the spontaneous polarization, E  is a time dependent applied electric field, φ  

is the angle between the polarization and the electric field, 3K  is the elastic constant, θ  

is the tilt angle, "φ is the second derivative with respect to the z coordinate, and 
•

φ is 

time derivative which represents the change in φ  with the time. The equation (2.17) 

was used commonly as the switching equation when the elecro-optical switching was 

studied in the SmC
*
 phase. This equation represented the balance between the elastic 

twisted torque and the viscous rotational torque that governed the motion of the system. 

Moreover, the equation governs the rotational motion of the director under the influence 

of the twist elasticity and the applied electric field.  

 

The Goldstone part of the dielectric susceptibility may be calculated on the basis of 

equation (2.17) by assuming the electric field has time dependence of the form 

ωτj

o eEE = , where j refers to imaginary part of the dielectric susceptibility which 

1−=j , assuming considering oE is a small quantity giving a linear response of the 

system. By expanding )( zφ to first order to be δφφ += qz)(  , where opq /2π=  is the 

wave vector of the helicoidal pitch length op , and 
ωτδφδφ j

o qesin=  to the same order 

as oE , and by linearizing equation (2.17), then the value of oδφ  can be obtained as in 

equation (2.18): 
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                  oGoo jqKPE δφθωγδφθ 222

3 −=+   ,                                (2.18) 

   Where 
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−=        .                        (2.19)   

The induced polarization per unit volume of the sampled is denoted by: 

                                   
ωτδφ j

oy ePP
2

1
−=     .                            (2.20) 

Substitution of (2.20) into equation (2.18) then gives the induce polarization yP  as: 
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The dielectric susceptibility χ  was defined and written as:  

                  ( )EPy
E

/lim
0→

=χ  
ωτ

εε

j

o

+

∆
=

1
                                            (2.22) 

where, ε∆  is the dielectric strength [27] of the Goldstone mode, oε  is the permittivity 

of vacuum, ω  is the angular frequency ( )f 2πω =  and τ  is the relaxation time of the 

Goldstone mode ( )Gf 2/1 πτ = , where Gf  is corresponding Goldstone mode frequency. 

Then, the final equations are: 

                  22

3

2

2 θ
εε

qK

P
o =∆        and               

G

G

qK
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πγ2

2

3=  .              (2.23) 

 

From these two equations the Goldstone rotational viscosity Gγ  is therefore: 

                                     2
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The important assumptions for Goldstone rotational viscosity Gγ  derivation were stated 

as a) choosing the tilt angle as generalized coordinate, b) the assumption that the tilt 

angle θ is not influenced by the electric field [30]. Therefore, the Goldstone mode 

rotational viscosity can be determined in the SmC
*
 phases from the measured values of 

the polarization, the tilt angle, the dielectric strength and the relaxation frequency of the 

Goldstone mode. As long as there is a dielectric mode from the fluctuations due to the 

azimuthal angle φ , the equations (2.23) and (2.24) are valid even in the vicinity of the 

transition temperature CT . The equations (2.23) and (2.24) are generally valid as long as 

the φ  fluctuations represent an eigen mode of the dielectric susceptibility. While before 

the transition temperature, equation (2.24) is not valid due to existence a different 

motion in SmA phase which is known as soft mode due to the fluctuations of tilt angle θ 

which gives different contribution the dielectric susceptibility of the system. 

 

The dielectric measurement assume the testing field oE  is small to change the angle φ  

and allows the linearization of the equation (2.17) from which equation (2.19) is 

derived. At CT  both P and θ  go to zero and the linearization of the equation (2.17) is 

not valid in a temperature interval below CT that the relation in equation (2.23) will 

suffer from a considerable error. The expression of the critical field CE for which the 

helix will be completely unwound PqKEC 16/22

3

2 θπ= . If the ratio Co EE /  is too large, 

there will be nearly complete unwinding helix and the system is no longer linear. If the 

ratio 5.0/ ≤Co EE , the response of the system has good degree of accuracy to be in 

linear regime and we can rely on the obtained dielectric data [30]. 
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2.4- Field-Induced Transition Theory for Intermediate Phases: 

In the first chapter, the intermediate phases were introduced. Recall that they are located 

between the SmC
*
 phase and the SmC

*
A phase and that their structures have been 

confirmed via resonant x-ray scattering [31,32]. The three-layer intermediate phase (a 

ferrielectric phase) and the four-layer phase (an antiferroelectric phase) have drawn 

much interest, especially with respect to their interactions with the electric field. 

Various models and theories were proposed trying to explain the self-assembly and 

structure of these intermediate phases. However, none of them fully explained about the 

formation of the rich variety of these phases. Nevertheless, there have been some 

studies of the field-induced changes in the SmC
*
 subphases. Hireoka et al. [33] 

measured the apparent tilt angle in the three-layer phase as function of the applied 

electric field and conoscopic observations at various temperatures. They observed 

helical unwinding followed by a field-induced transition from the ferrielectric phase, 

three-layer phase as previously proposed [34,35], to the SmC
*
 phase.  

 

In the same way, field-temperature (E-T) phase diagrams were drawn based on 

conoscopic observations in the presence of an electric field, Isozaki et al.[36,37,38] 

observed induced-field transitions from a 3-layer intermediate phase to the SmC
*
 phase 

in the binary mixtures of MHPOCBC and MHPOOCBC [38]. Isozaki et al [36-38] 

initially designated the four-layer intermediate phase as a new antiferroelectric phase 

with a critical field that was much lower than those in the traditional antiferroelectric 

SmC
*
A phase, and occurring at a higher temperature range. However, Isozaki et al could 

not explain the structure of these induced subphases. 

 

Marcerou et al [39] reported the field-temperature phase diagram in the chiral tilted 

subphases of a smectic-C
*
 material. They improved the method of plotting the E-T 
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phase diagram through measuring the spontaneous polarization as a function of the 

electric field. The dielectric method was used also at low frequencies for detecting the 

soft mode (the fluctuations of molecules due to the tilt angle θ ) at phase transitions. 

Marcerou observed a direct transition from the SmC
*
α phase to the unwound SmC

*
 

phase. Further, the 4-layer intermediate (SmC
*

FI2) phase was shown experience to a 

two-step sequences a new ferrielectric phase before it transformed to the unwound 

SmC
*
 phase.  Unfortunately, they did not introduce any model or theory to explain their 

observations and no details of the effect of the electric field on the structure were 

revealed.  

 

Therefore, explanation through a model or a theory was needed to reveal how the non-

polar four-layer intermediate phase transforms into a polar phase under a sufficiently 

large applied electric field. Osipov and Gorkunov [40] composed a model which can 

explain the intermediate (three- layer and four-layer phases) structure via resonant x-ray 

scattering experimental data. They used the symmetry properties of the general free 

energy with arbitrary orientational coupling between the smectic layers, without 

addressing a particular model to determine the orientational structure of the intermediate 

smectic phases.  

 

The general free energy in any smectic phase is based on the short and long coupling 

between different smectic layers which is represented by ∆  as a linear coupling 

coefficient between adjacent layers [40]. The structure of the three layer phase, as 

shown in figure (2.6a), was illustrated corresponding to the symmetry of the free energy 

and this structure had been confirmed by the resonant x-ray scattering experiment [41]. 
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In the four layer structure case, there were two possible different structures in agreement 

with the transformation properties of the general free energy. These two structures could 

explain how a non-polar 4-layer structure could possibly transform to a polar phase 

under the influence of an electric field; see figures (2.6b) and (2.6c). Osipov and 

Gorkunov model also predicted the possible structure of a five-layer and a six-layer 

intermediate phase. The model was successful in its prediction when the periodic six-

layer intermediate phase was discovered experimentally [42], as discussed briefly in the 

previous chapter. 

 

For a more detailed understanding of the structure of the intermediate phases under the 

influence of an applied electric field, the general free energy with arbitrary orientational 

coupling between the smectic layers will be used. As already stated, ∆  is a linear 

coupling coefficient between two adjacent layers, 2J   is the coupling coefficient of the 

Fig. 2.6: The periodic structure of the tilted smectic intermediate phases for one unit 

cell as viewed along the layer normal, where α is the distortion angle. a) The 

structure of periodic three-layer phase as predicted by Osipov’s model and 

confirmed via x-ray resonant scattering experiment. b) The four-layer intermediate 

phase structure. c) The possible polar four-layer structure of the intermediate phase 

that is predicted by the model. (Redrawn from references [40]). 
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next nearest layer, adding to the two adjacent layers, and 3J  is the coupling coefficient 

of the next-to-next nearest layer, adding to the next nearest layer. Moreover, a dipole-

field coupling term should also be added also for each layer in a single repeat unit. 

Additionally, the biquadratic coupling coefficient Qb  for adjacent layers and the chiral 

coupling coefficient λ  ought to be taken into account. The addition of all of these 

coupling contributions gives the general free energy [43]. However, it is assumed the 

distortion angle o0=α  (see figure 2.6), and both of these coupling coefficients Qb  and 

λ  are also negligible. 

 

 Thus, the free energy densities of the SmC
*
 phase CF , the four-layer phase 4F , a 

possible polar four-layer phase PF4 , the three-layer phase 3F  and the antiferroelectric 

phase AF , in an external electric field E can be expressed as: 

 

                   EPJJF SC −++∆= 32                                                 (2.25) 

                  24 JF −=          and       
2

4

EP
F SP −=                      (2.26) 

                  
333

3
2

3

EP
J

J
F S−+−

∆−
=                                                 (2.27)  

                  32 JJFA −+∆−=                                                                   (2.28) 

 

where SP  is the spontaneous polarization. The negative signs in these equations refer to 

the opposite direction of the dipoles between two adjacent layers in the smectic phases. 

Moreover, the deduced expression of the free energy for each layer in both three-layer 

and four-layer intermediate phases can be illustrated in the figure (2.7).  
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Another assumption of the linear coupling coefficient is also made as ( )TTo −∆=∆ ∗
, in 

the absence of subphases, where T
*
 is the temperature when ∆  changes the sign at the 

synclinic-anticlinic transition, T is the absolute temperature and o∆  is temperature 

independent coupling coefficient. Substituting with this assumption of ( )TTo −∆=∆ ∗
, 

the general equations of free energy (2.25-28) can be rewritten as the following: 

                  
o

S
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JJTTF
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32
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Fig. 2.7: the free energy expression for each layer to explain how the coupling 

coefficients were added from each layer to next adjacent layers. a) The free 

energies in the three-layer intermediate phase to give the general free energy per 

repeated unit cell as shown in eq. (2.27). b) The free energies in the four-layer 

phase in each layer to give the general free energy per unit cell as in eq. (2.26). 
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o

S EP
J

JTT
F

∆
−′+

′
−

−
=′

333
3

2

*

3                                            (2.31) 

                  32

* JJTTFA
′−′+−=′                                                             (2.32) 

 

where the coupling coefficient oJJ ∆=′
22  and also oJJ ∆=′

33 . In the absence of an 

electric field (E=0), the phase transition temperature between the smectic-C
*
 subphases 

that can be observed experimentally are given by equations (2.33-35): 

                  32

*

4 2 JJTTC
′+′=−−                                                                 (2.33) 

                  32

*

34 32 JJTT ′−′−=−−                                                             (2.34) 

                  32

*

3 32 JJTT
AC

′+′−=−−                                                        (2.35) 

The model can evaluate the coupling coefficients 2J ′  and 3J ′  through the transition 

temperatures 4−CT  (from SmC
*
-SmC

*
FI2), 34−T  (from SmC

*
FI2-SmC

*
FI1) and 

ACT −3 (from 

SmC
*
FI1-SmC

*
A), as well as the temperature *T of the sign change, as shown in 

equations (2.36-38): 

                  





−−=′

−−−
ACC TTTJ 33442

6

4

6

2

4

1
                                    (2.36) 

                  [ ]
ACC TTJ −− −−=′

343
6

1
                                                                (2.37) 

                  [ ]
ACC TTTT −−− ++= 3344

* 23
6

1
                                        (2.38) 

Knowing the values of the coupling coefficients 2J ′ , 3J ′  and the temperature *T of the 

sign change due to synclinic-anticlinic transition allows us to evaluate the equations 

which govern the field-induced transitions in the intermediate phases. The predicted   
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(E-T) phase diagram of the model for the field-induced transitions is presented in the 

figure (2.7) [43]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The boundary lines between the subphases in figure (2.8) refer to the induced transitions 

between the three-layer and four layer intermediate phases when the electric field is 

increased. The equations of these lines were derived from the model equation of the free 

energy. At the transition the free energy of both phases are equal and then the coupling 

coefficient o∆  of each phase can be evaluated by the fitting data with the model 

equations. The SmC
*
FI2-SmC

*
 field-induced transition is given by eq. (2.39): 

                  4−−=
∆

− C

o

S TT
EP

 ,                                                                (2.39) 

where T is the absolute temperature and 4−CT  is the SmC
*
-SmC

*
FI2 phase transition 

temperature in Kelvin. 

Fig. 2.8: The E-T phase diagram predicted E-T phase diagram by the model for the 

induced field transition in the intermediate 3-layer and 4-layer phases. The arrows 

show two different field induced transitions in four-layer phase, (taken from [43]). 
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Similarly, equation of the SmC
*
FI2-SmC

*
FI1 field-induced transition is given by eq. 

(2.40): 

                  43−−=
∆

TT
EP

o

S

 .                                                               (2.40) 

Then, the equation of the SmC
*
-SmC

*
FI1 field-induced transition is given by eq. (2.41): 

                  [ ]4343
4

1

2
−− +−=

∆
− TTT

EP
C

o

S

 ,                                     (2.41) 

Finally, the equation of the SmC
*
A-SmC

*
FI1 field-induced transition is given by eq. 

(2.42): 

                  A

o

S TT
EP

−−=
∆

− 3
2 .                                                         (2.42)   

 

2.5- The Three-Layer to another Three-Layer Induced Transition: 

It has been recently found [44] that the three-layer structure in the presence of an 

electric field can be existed in two possible structures, one at low fields which is the 

usual three-layer ferrielectric structure as shown in figure (2.6a) and another one which 

exists at high fields before the transition to the SmC
*
 phase. The later one has a new 

three-layer ferrielectric structure [44]. The transition between these two structures 

undergoes as the first order [44]. The free energy of the low field three layer structure 

which known as the standard ferrielectric 3-layer phase can be written as: 

                  [ ]( )EPEXPXXDF SS +−+−−= 2212
3

1 2

1.3                     (2.43) 

where SP  is the spontaneous polarization each layer which is constant and D is the sum 

of the coupling coefficients between the nearest and next-to-nearest layer ( 2JD +∆= ), 

which mainly determines the structure; note that D>0 in the 3-layer phase. While, X 
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equals cos  of the angle between two adjacent layers ( αcosX = ). The angle α is the 

distortion angle, see figure (2.8). Thus, the equation (2.43) of a standard ferrielectric 3-

layer phase can be written as: 

       [ ]( )EPEPJF SS +−−−+∆= ααα cos21cos2cos2)(
3

1 2

21.3 .         (2.44)  

The biquadratic coupling coefficient 
Qb  is not sensitive to the direction of the tilt, but 

simply causes to be disadvantageous to make any deviation in the structure. Thus, the 

direct minimization of the free energy equation (2.44) gives: 

          ( ) αcos/1
2

1
=+= DEPX S   .                                                          (2.45)                                                         

In the case of the absence of an electric field E, i.e. ( 0=E ), then 21X =  and 

21cos =α , and the result the angle o60=α . Thus, the clock model structure would be 

obtained with a distortion angle of 2α. If 0≠Qb , then α becomes smaller than 60
o
 which 

means that the biquadratic coupling interactions give rise to the distortion in the 

structure, see figure. (2.9). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.9: Sketch illustrating a) the clock structure and b) the distorted clock 

structure of the three-layer intermediate phase in the absence of an electric field. 

The biquadratic coupling effect on the three-layer structure is shown. 
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On increasing the electric field, α decreases and continues to decrease until PE equals 

the sum of the coupling coefficient D, i.e. ( EPD S= ). Then, the angle α becomes zero, 

as shown in the figure (2.10), to be an intermediate state through a first order transition. 

After reaching the previous condition of EPD S= , increasing the electric field causes a 

new structure of the 3-layer phase to be formed. The free energy 2.3F  of the second 

three-layer structure which is considered as a new ferrielectric three-layer phase is: 

    [ ]( )EPEPJF SS −−−++∆= ααα cos21cos2cos2)(
3

1 2

22.3          (2.46) 

The minimization of equation (2.46) yields: 

                 αcos1
2

1
=








−=

D

EP
X S

                                                           (2.47) 

where the field E increased to be slightly higher than D, the angle o90=α . On 

continuing to increase in the electric field in the regime D>PSE>2D, the angle starts 

decreasing from 90
o
 to 0

o
 as shown in figure (2.10). In this case the free energy 2.3F  of 

the second field-induced 3-layer phase is smaller the free energy *SmC
F  of the unwound 

ferroelectric SmC
*
 phase. When field increases further to satisfy PSE>2D, the angle α 

reduces to zero and the 3-layer ferrielectric structure transforms to the SmC
*
 structure. 

Then the free energy 2.3F  of the second three-layer phase becomes equal to the free 

energy *SmC
F  of the SmC

*
 phase in a continuous manner. 

 

The transition from the first field induced 3-layer (the SmC
*
FI1.1) phase to the second 

field induced 3-layer (SmC
*
FI1.2) phase according this model which explains this 

transition is given as: 

        [ ]4343
4

1

cos2
−− +−=

∆
− TTT

EP
C

o

S

α
                                                (2.48) 
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The equation of the SmC
*
FI1.2-SmC

*
 field-induced transition is: 

        ( )
[ ]4343

4

1

2cos
−− +−=

+∆
− TTT

EP
C

o

S

α
                                          (2.49) 

The intercepts in equations (2.48) and (2.49) are the same if the assumption of o0=α  is 

made at SmC
*
FI1.1-SmC

*
FI1.2 field-induced phase transition and o90=α that decreases to 

0
o
 at the SmC

*
FI1.2-SmC

*
 field-induced transition when electric field E increases. 

However, the experimental values of these intercepts are different than what expected 

from the second theoretical model of the SmC
*
FI1.1-SmC

*
FI1.2 field-induced phase 

transition.  

 

Thus, the assumption was made for angle α yields the equation (2.41) with the same 

gradient and intercept theoretically. The equations (2.39-42) only were used in the 

fitting analysis of the field induced transitions in the intermediate and the 

antiferroelectric phases. 
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Fig. 2.10: Schematic diagram to illustrate the three-layer phase under the influence 

of an electric field. At low electric fields, the 3-layer structure is the usual 

ferrielectric structure while at high electric fields it becomes a new ferrielectric 3-

layer phase.  
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2.6- Summary: 

This chapter presented different theories and models that will be used to interpretation 

the result of the thesis. The rotational viscosity models were discussed especial simple 

dynamic model and its evaluations. The spontaneous polarization PS, tilt angle θ  and 

dielectric parameters were used to calculate the rotational viscosity φγ  as was given in 

equations: 

               
m

mSe

I

EPA 2

=φγ                                                                       (2.15)   

and 

               2

2

4

1

θεπε
γ

GGo

G
f

P

∆
=                                                         (2.24) 

 

The new models of field-induced transition in the intermediate phases were introduced. 

The equations will be used the fitting processes and analysis are:  
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       A

o

S TT
EP

−−=
∆

− 3
2 .                                                                 (2.42)   

The structure of the three-layer intermediate phase under applied electric field was 

discussed as extension of the field-induced transition model. 
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3.1- Introduction: 

In the previous chapter, the theories and model of the intermediate phases relevant to 

the physical parameters of these systems were considered. The important parameters in 

this work are rotational viscosity, spontaneous polarization, tilt angle and the coupling 

coefficient between smectic-C
*
 layers in the intermediate phases. In this chapter, the 

apparatus, setups and experimental techniques that used to study these parameters will 

be illustrated and discussed. 

 

The description of the apparatus and experimental techniques aims to understand the 

method determination of the important physical parameters which were mentioned 

previously together with dependant parameters such as temperature over a wide range 

and the alignment of the liquid crystal in the device. The electrical and electro-optic 

experimental setups were in all cases based on a specially equipped polarizing 

microscope. The construction of the cells required for the liquid crystalline materials 

used, and in particular the alignment techniques, will be described.  

 

3.2- Electrical and Electro-optic setups and Techniques: 

The apparatus used in determining the electrical properties of the liquid crystalline 

materials such as spontaneous polarization and the method of measuring will be 

described in this section.  

 

3.2.1- Spontaneous Polarization PS : 

The current reversal method or pulse reversal technique can be performed by applying a 

square driving voltage or triangular driving voltage to the sample. Miyasato et al. [1], 

were the first people to apply the triangular wave in the current reversal technique to 
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deduce a direct measure of the spontaneous polarization in ferroelectric liquid crystals. 

A simple dynamical model [2] illustrates the dynamics of the polarization reversal in 

more detail. This method deduces the transient current study that is observed in the 

sample when the field is reversed, and show how its measurement is related to the 

spontaneous polarization of the sample.  

 

When a square-wave driving voltage is applied, the dipole of molecules will rotate to be 

in the same direction as the field. When the field is reversed, the molecules again rotate 

around the cones such that their dipoles again point in the same direction of the field. 

The resultant current peak or pulse has a height that is defined to the reversal current IP 

and the area under the peak (A) is related to the twice the spontaneous polarization 

SPP 2= :             

                                     )/( dtdPAI
eP

= .                                     (3.1) 

where, Ae is the surface area of the electrode. The integral provides the polarisation 

measurement  

             ∫
∞

=
0 A

Idt
P ,                         ∫=

A

Idt
P

S
2

                    (3.2)  

The advantage of using a square wave driving voltage is that the different contributions 

to the current pulse are well separated in time and the sample is instantly switched with 

a high electric field. Many parameters can be measured simultaneously as was discussed 

in the previous chapter. 

 

The main disadvantage of this method is that the base line can not be defined very well 

due to the large conductive and capacitive current contribution rather than the 

polarisation current in the cell, see figure (3.1). 
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 These unwanted current contributions effect on the polarisation measurements [3]. The 

triangular wave-driving voltage is often a more convenient method to measure the 

spontaneous polarisation. The ferroelectric liquid crystalline materials can have a 

reasonable conductivity due to the existence of ions and this can influence the result, see 

figure (3.1). 

 

When liquid crystals are sandwiched between two glass plates coated with indium tin 

oxide (ITO), and then they act as resistor connected with capacitor in a parallel way. 

Therefore the current induced I(t) consists of three contributions; the first is a current 

due to charge accumulations in the capacitor CI ; the second is due to  the polarization 

realignment IP and the third current is due to ion flow Ii. This is well illustrated in figure 

(3.1) and summarised in equation (3.3):   

              

                  
R

V

dt

dP

dt

dV
C ++=++= iPC IIII                       (3.3) 

 

As shown in figure (3.2), the base line (red line in the graph) is far more easily defined 

in the case of a triangle wave and the current due to polarization realignment IP can be 

easily separated from other two unwanted current contributions. Therefore, performing 

the experiment by using triangular method is preferable one to others method [4]. The 

measurement accuracy of using the triangular current reversal method is ±2 nC/cm
2
 

with typical electric field (5 V/µm) is used. The used apparatus of measuring the 

spontaneous polarization is current-to-voltage box and the oscilloscope to visualise the 

waveform and data profiles as shown in figure (3.2). The full details of these 

equipments will be discussed later. 
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Fig. 3.1: Schematic diagram illustrating a) the square wave-driving voltage and b) the 

triangular wave driving voltage techniques. The three current contributions, CI  conducting 

current due to ions, IP is the polarization conducting current, and Ii current due to resistance 

of liquid crystal materials, where I is the total current [2]. 
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3.2.2- The Tilt Angle θ : 

The tilt angle θ  can be measured by two methods. The first is x-ray scattering, which 

measures the angle between the mass axis of mesogens and the layer normal ( K ). The 

second technique involves measuring the tilt angle between the optical axis and the 

layer normal ( K ). Both tilt angles were discussed briefly in the previous chapter. 

 

In this thesis, the tilt angle was measured optically using the established technique that 

reported by Bahr and Heppke [5]. 
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Fig. 3.2:  Schematic diagram illustrating the advantage of the triangular wave-

driving voltage techniques where the base line can be determined easily by red 

straight line to separate polarization current from other current contributions. 
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The intensity of transmitted light of the two maximum states of switching was observed 

changing their positions of mesogen corresponding to the two polarizers. The angle ϑ  

is angle between the polarizers and investigated liquid crystal material director. The 

angle ϑ  changes by rotate the rotating stages between two polarizers. The transmission 

light that detected by photodiode can be fitted to two ϑ2sin  curves as in equation (3.4). 

The difference between the two curves as shown in figure (3.3) equal the twice tilt angle 

(ϑ =2θ ). This method provided accuracy of approximately ± 0.2
o
.  

 

Fig. 3.3: The two graphs are at two different temperatures with interval 27 K. 

The shift between the two ϑ2sin  curves represents the twice tilt angle. This 

become greater as temperature is reduced. The red and black points are the 

transmission of the mesogens states at an applied electric field when stage of 

the polarizing microscope is rotating. 
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The error of spontaneous polarization is actual error because the measured values are 

obtained directly, while tilt angle and dielectric parameters errors are percentage errors. 

The reason for using percentage error is the tilt angle and dielectric values are deduced 

from the fitting with in specific percentage for error to have best fit. 

 

 

3.3- Apparatus and equipment: 

To measure the spontaneous polarisation, the electrical pulse current responses and 

other parameters which were needed to deduce the rotational viscosity as well as the 

field induced transitions in the intermediate phases, the setup as is shown in figure (3.4) 

was needed. In this apparatus, the key items can be described as following: 

 

The Microscope:  

An Olympus polarizing microscope was used with DC powered light source. The light 

source is pre-centred halogen lamp. The objective lens used is a 10X MD Plan 10. 

 

The Photodiode: 

This is used for optical measurements and it has a linear response to the intensity of 

incoming light. In the configuration shown in figure (3.4), the light comes from the light 

source of microscope and passes throughout the two polarizers. When the liquid crystal 

is in the designed place in the hot stage, the measured output voltage of photodiode will 

be proportional directly to the angle between two the polarizers, see equation (3.4).                                    

                                              ϑ2sino
II =                                                   (3.4)                  

where ϑ  is the angle between two polarisers, A is a constant and I is the intensity of 

polarized light. 
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Fig. 3.4: The setup and equipment which were used in the electro-optical and 

electrical measurement, were illustrated, a) the schematic diagram described the 

connections between equipments that used in the setup, whereas the b) shows the 

picture of the apparatus that was used and represented in the above sketch. 

 b) 
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The output voltage from the photodiode is amplified by photodiode voltage amplifier as 

shown in figure (3.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This amplifier was built by A. Morse [6] and figure (3.5) shows the linear response of 

photodiode that used in the measurement with response time of photodiode amplifier 

5µs.                                      

 

The Digitizing Oscilloscope:  

An Agilent 54621A 60 MHz Dual Trace Analogue oscilloscope with two channels was 

used to monitoring the waveforms and signals in the system. 
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Fig. 3.5: shows the photodiode response as a function of the angle between 

two polarizers in the polarizing microscopes. The linear response of the 

photodiode is fitted by the straight line of equation (3.4). 
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The Current-to-Voltage amplifier: 

 The current-to-voltage amplifier was used to convert the small polarisation current by 

dividing it on several choice able resistances which is connected as a feedback loop to 

the amplifier. This connection leads to amplify the small polarizing current so that it can 

be monitored by the oscilloscope. 

 

 The hot stage and heat controller:  

Linkam hot stage is used as shown in figure (3.6). The temperature controller is 

connected to hot stage [7] and used to vary temperature on ferroelectric liquid crystal 

cells with an absolute accuracy ±0.1 
o
C. The model of heat controller is Linkam 

TMS91. 

 

The High Voltage amplifier: 

This is used to amplify the signal which comes from the functional generator. It was 

constructed by the electronic workshop with a gain amplification of around twenty 

times, i.e. Gain = Vout/Vin ≈ 20. 

 

The Functional Generator:  

Thurlby Thandar TG1304 programmable functional generator was used to provide the 

driving voltage with a suitable frequency and waveforms to the sample. The voltage 

applied during the tilt angle and spontaneous polarization technique after amplification 

is 15 Vr.m.s at saturated values at low temperature. Whereas at high temperature, 

especially in vicinity of CT  the applied voltage is small enough to avoid any field-

induced PS or field-induced tilt angle θ which rise up the error to the actual value. 
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The sample placement:  

The sample is put on the hot stage inside the hot stage jacket as shown in figure (3.6), 

and then is covered by the lid. This jacket or hot stage chamber ensures that the cell is 

isolated from the surroundings. Moreover, it has the ability to cooling below zero 

Celsius by using liquid nitrogen, if it is needed.  

 

 

 

 

 

 

 

 

3.4- Ferroelectric liquid crystal cell fabrication: 

Most cells which are used for liquid crystalline materials have the same technique of 

fabrication and construction. The cells which were used for the spontaneous polarization 

and rotational viscosity measurements are commercially available and they are 

constructed by using two glass substrates which are coated with a layer of indium tin 

oxide (ITO) on inner surfaces. The layers of ITO act as electrodes (and the area is 

25mm
2
) and permit an electric field to be applied to ferroelectric liquid crystals sample, 

see figure (3.7). 

 

 The alignment layer is added to the substrates in top of the ITO layer; this alignment 

layer is a specific type of polymer, which should align the liquid crystal director in a 

specific direction. The alignment layers are usually rubbed with a piece of soft cloth 

        Fig. 3.6: Linkam hot stage [7] 

Place of the liquid 

crystal device 
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(velvet) to prepare a favoured alignment induce a direction. In the cells used here, both 

inner surfaces of the two glass substrates are rubbed in one direction and anti-parallel to 

each other.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The cells are made by gluing the two glass substrates with spacers in between them. 

These spacers are responsible for giving the desired thickness of the cell and they are 

made from polyethylene terephthalate (PET). The wires are soldered using indium to 

make electrical connections to the cells. The interferometry method can be used to 

measure the thickness of these cells. The thickness of cells is sufficiently thin that they 

behave as an etalon and fringes pattern can be seen.  

 

This technique provides information on how parallel the substrates are to each other. 

The light passing through the cell after it is placed in spectrometer is measured and is 

scanned between two wavelengths (350 nm – 750 nm respectively).  

Fig. 3.7: Cell constructions a) cross section of the cell to clarify the cell 

structure and b) the schematic diagram to show the shape of the cell. 
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Selecting two wavelengths λ1 and λ2 from the measured intensity which gives minima 

and maxima, and thickness could be measured by using the following equation. (3.6).  

                                      
21

21

2 λλ

λλ

−
=

m
d

th                                   (3.6) 

where, dth is the thickness of the cell, m is number of peaks which has values 

(0,1,2,3,.....) and λ1 and λ2 are wavelengths of two peaks. We can measure thickness 

before filling the cell with liquid crystalline materials; as the refractive index of air is 1. 

The accuracy can be calculated from the positions of two peaks at their wavelengths λ1 

and λ2 on wavelength scale. The estimated accuracy is around ±0.1 µm. If cell was filled 

by sample then refractive index of liquid crystalline materials would need to be induced 

in equation (3.6) and that increase the difficulty of measuring thickness due to the 

birefringence of the liquid crystal materials. The thickness can be measured by 

dielectric technique, but it will be different in value than the interferometry technique 

with accuracy ±1.0 µm, because the wire soldering and polymeric alignment layer will 

effect on the measurement accuracy. 

 

The device thickness depends on the thickness of the spacer which is used and the also 

amount of glue. For example, if the spacer thickness is 3.5 µm then the cell thickness 

may be 5-6 µm. The glue which is used for these cells is UV cured glue and is called 

“Norland Optical Adhesive”. The cell is filled with ferroelectric liquid crystalline 

materials by capillary action and when the cells are filled, the all sides of cell are sealed 

again using UV glue and then cured in the UV oven for one hour. 
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3.5- Alignment of Liquid Crystals: 

Alignment is a very important process in liquid crystal devices to produce good 

orientation of the director across a large area. In early stage, of the liquid crystal 

displays (LCDs) production in the 70s, the rubbing method was only the technique that 

had been adopted for alignment technologies, because of its simplicity, convenience, 

and economical cost. However, when the production of TFT-LCDs started in the 80s, 

the disadvantages of the rubbing method became clearer such as the damage of the 

electronic circuits of the transistors which produces many dead pixels. In the rubbing 

method, the surface of polyimide or 6,6-nylon layers is rubbed with a cloth. 

 

 In order to obtain homogeneous alignment (including the tilted alignment with less than 

about 5
o
 pretilt angle), rubbed polyimide films are usually used in mass production and 

commercial cells. Homogeneous alignment can be obtained by rubbing glass substrates 

itself [8]. Whereas the homeotropic alignment is obtained by coating substrates with 

hydrophobic films such as silane compounds, see figure (3.8) 

 

                                                                                  

 

 

Fig. 3.8: Types of alignment for liquid crystals (a) homogeneous alignment, (b) tilted 

alignment and (c) homeotropic alignment. 
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The useful polymers that are used in the alignment liquid crystals in many devices 

include [9]:  

 

Polyimides (PI): In Practical LCDs and Many commercial devices, the polyimides are 

widely used for alignment. Many appropriate physical properties should be taken into 

account if we want to select right diamines or carboxylic acids to have a very good 

alignment [10]. The problem of polyimides is giving bad alignment of esters 

ferroelectric liquid crystals such as multi domain and many focal conic defects in the 

smectic textures as shown in the figure (3.9a). Thus, the 6,6-nylon polymer shows a 

good alignment of the material investigated. 

 

6,6-Nylon: gives a good alignment for ferroelectric liquid crystal devices, see figure 

(3.9b), while the cross-linked nylon gives bad alignment. Nylon has low solubility in 

polar solvents, and for this reason methanol/m-cresol solution is used to dissolve nylon 

and to make spin coating easy onto substrates which are used in FLC devices. If 0.5% 

of 6,6-nylon solution mixture with 60% m-cresol and 40% methanol are used for 

coating by using spinner machine, few Angstroms alignment layer will be obtained [8].  

 

The good one domain alignment of ferroelectric liquid crystals is seriously needed to 

the field-induced transition experiment. The reason for that is any change in the 

transmitted light can be detect easily by the photodiode at an electric field applications 

as will be seen in the next chapters. 

 

The alignment in different SmC
*
 subphases using 6,6-nylon alignment layer is observed 

in one studied material (material E), as seen in figure (3.9). 
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Fig. 3.9: The quality of alignment is shown when two different polymers are used as 

alignment layer. Photographs a) polyimide alignment layer is used showing bad 

alignment, but b) 6,6-nylon alignment layer is used showing best one domain 

alignment for investigated liquid crystals materials (Materials A or D). Different 

subphases with using 6,6-nylon alignment are shown in c) the Iso-SmA transition, d) 

the SmA phase, e) the SmC
*
α phase, f) the SmC

*
 phase, g) the SmC

*
FI2 phase, h) the 

SmC
*
FI1 phase, i) the SmC

*
A phase, and  j) the crystal K phase. 

a) b) 

c) Iso-SmA 

d) SmA 

e) SmC
*
α f) SmC

*
 

g) SmC
*
FI2 h) SmC

*
FI1 

i) SmC
*
A j) Crys.  
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3.6- The Dielectric Technique: 

The dielectric properties such as dielectric strength and relaxation time τ  are related to 

the dielectric loss ε ′′ peak that corresponds to molecular motions and relaxation 

processes. The setup as is shown in figure (3.10) is needed to carry out the dielectric 

measurements.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The frequency domain dielectric measurements were carried out in the frequency range of 

20Hz – 2MHz with a 0.05 Vac oscillation voltage by the Agilent E4980A precision LCR 

meter. In this study, the ⊥ε component of the complex dielectric permittivity ε* ( ⊥
′ε and ⊥

′′ε ) 

was measured, because the alignment in the cells is planar so that the direction of the 

measurement is perpendicular on the optical axis. The dielectric parameters such as 

Computer 

Fig. 3.10: The setup and equipment which were used in the dielectric measurements 

were illustrated. The schematic diagram described the connections between each the 

equipment that used in the setup. 
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dielectric strength and relaxation time that are related to the loss ε ′′  peak of the results 

can be obtained by fitting the experimental results using the Havriliak-Negami equation 

[11] as seen in equation (3.7): 

               ωε

σ

ωτ

ε
εεεε

βς
o

oi

i
i −

+

∆
+=′′−′=

−∞
])(1[ 1

*

                         (3.7) 

Where, 
o

σ  is DC conductivity, τ  is relaxation time, ς  and β are width symmetry and 

asymmetry parameters of loss peak respectively, where their values 10 ≤≤ ς  and 

10 ≤≤ β . If the values of these parameters are β = 1 and ς = 0, the Havriliak-Negami 

equation becomes the Debye equation which describes the dielectric relaxation response 

of an ideal, non-interacting population of dipoles to an alternating external electric field 

[11], see figure (3.11). The accuracy of the fitting is in range of 5% of the data. 
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Fig. 3.11: The graph illustrates how the dielectric parameters are extracted from 

the dielectric spectrum data in investigated material. The red line is the fit of the 

equation (3.7). 
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3.7- Summary: 

In this chapter, the techniques and methods which were used in the measuring the 

physical parameters of ferroelectric liquid crystals, were introduced. The spontaneous 

polarization, tilt angle and dielectric parameters were measured using the experimental 

set up based on the polarizing microscope. The construction of the used apparatus in the 

study was described briefly. Moreover, the cell preparation and the alignment 

techniques were illustrated to have a best possible alignment for field-induced transition 

experiment. Finally the types of the common polymers which were used in as the 

alignment layers and its advantages were illustrated. The next chapter will go through 

the switching mechanism and rotational viscosity in the one of the interesting SmC
*
 

subphases, the SmC
*
α  phase. 
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4.1- Introduction: 

In this chapter of the thesis, an investigation of the rotational viscosity and molecular 

dynamics for the SmC*
α phase will be presented. The motivation for choosing the 

SmC*
α phase is due to its order in the transition temperature sequences, in which it 

appears above the SmC* phase. Therefore, the switching time of the SmC*
α phase may 

be faster than switching time of the SmC* phase. Thus, the aim of this investigation is to 

test this hypothesis alongside developing an understanding or the mechanisms of 

switching through one important physical property, namely the rotational viscosity.  A 

secondary aim of this study is to investigate the switching time of the SmC*
α phase 

which has been stabilized in mixtures over a wide temperature range [1]. 

 

Several systems of ferroelectric liquid crystals were examined in this study. The 

molecular structures and transition sequences of these ferroelectric liquid crystals and 

their binary mixtures will be reported. The behaviour of the rotational viscosity in the 

SmC*
α phase is compared with that of next SmC* phase through measurements made by 

two different techniques. These two measurements techniques were the triangular 

current reversal technique [2] and dielectric spectroscopy in range of radio frequencies 

(RF) [3], which both of them were discussed in chapter 3. In order to deduce the 

viscosity φγ , the spontaneous polarization SP , tilt angle oθ , dielectric loss ε ′′ , 

dielectric permittivityε ′ , and relaxation frequencies Rf were measured. In particular, 

the dielectric parameters are useful to understand the molecular motions and the 

switching dynamic in the SmC*
α phase of the different ferroelectric systems. We 

ignored the role of elasticity in the work because the elasticity is phase and temperature 

dependant. Additionally, the SmC*
α phase has very short incommensurate helical pitch, 

besides using the surface stabilized ferroelectric liquid crystal devices. 
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4.2- Materials:  

The single component material used in this chapter were ferroelectric liquid crystals that 

exhibited the SmC*
α phase over very narrow temperature ranges. The SmC*

α phase is 

located between SmA and SmC* phases as common (approximately 1-3 oC) [4] in many 

ferroelectric liquid crystals. Systems generally also exhibited the three layer phase 

(SmC*
FI1) and four layer intermediate phase (SmC*

FI2). Using mixtures for stabilizing 

the SmC*
α phase is a method for increasing the width of the SmC*

α phase as reported by 

Chang et al [1]. The mixtures were made by adding a percentage of chiral dopant to the 

host liquid crystals to produce binary mixtures. The molecular structures  and  transition  

temperatures  of  the  investigated  materials  with  the  molecular structure  of  the  

chiral  dopant  S1011  (Merck  Ltd.) are illustrated  in  figure (4.1). 

 

The pure host material A exhibits the SmC*
α phase, intermediate phases SmC*

FI1, 

SmC*
FI2 and the antiferroelectric phase SmC*

A upon cooling from the SmA phase, as 

revealed via resonant-scattering x-ray experiments [5]. We used binary mixtures of A 

and different weight percentages (0 wt %, 3 wt %, 5 wt %, 6 wt % , 7 wt % and 8 wt %) 

of S1011 [1]. The mixtures will be denoted in this thesis as (A0, A3, A5, A6, A7, A8) 

where the digit refers to the weight percentage of the chiral dopant. The same was done 

with material B where two concentrations were used (0 wt % and 3 wt %), denoted B0 

and B3, respectively. The third material, denoted C, was used mainly to compare its 

SmC*
α phase behaviour to the A and B mixtures.  

 

The transition temperatures of these mixtures were determined by polarizing 

microscopy together with electro-optic measurements. Table (4.1) shows the transition 

temperatures and temperature ranges of the SmC*
α phase in the samples studied.   
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Fig.4.1: The molecular structure with their phase transition sequences of the 

compounds A, B and C with the chiral dopant S1011. The mixtures of compounds 

A and B with the chiral dopant S1011 were made for studying the rotational 

viscosity of the SmC*
α phase. 
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Table 4.1: The transition temperatures and the temperature ranges of the 

SmC*
α  phase exhibited by the materials and the mixtures used: 

 
 

Percentage of chiral dopant 
(by weight) 

 

 
SmA-SmC*

α 

(oC) 

 
SmC*

α-SmC* 

(oC) 

 
SmC*

α range 

(oC) 

A (0% (Pure)) 88.4±0.3 86.3±0.3 1.7±0.3 
A3 (3%) 75.6±0.3 71.5±0.3 4.1±0.3 
A5 (5%) 70.4±0.3 65.3±0.3 5.1±0.3 
A6 (6%) 63.9±0.3 55.6±0.3 8.3±0.3 
A7 (7%) 
A8 (8%) 

60.2±0.3 
54.0±0.3 

45.3±0.3 
35.1±0.3 to crys. 

14.9±0.3 
19±0.3 

B (0% (Pure)) 72.4±0.3 66.5±0.3 4.9±0.3 
B3 (3%) 41.3±0.3 31.1±0.3 to crys. 10.2±0.3 

C 87.4±0.3 85.3±0.3 2.1±0.3 
 

 

It is clearly seen that the range of the SmC*
α  phase increases and becomes wider over in 

temperature in both compounds A and B on addition of the chiral dopant. This wide 

temperature range of the SmC*
α phase which occurs in the mixtures are interesting 

systems. The viscosity was measured, and the switching dynamics were studied in that 

interesting SmC*
α phase. The SmC*

α  phase was investigated in this work in thin devices 

(2 µm gap thickness) which thickness is measured by interferometry technique. The 

type of cells is planar cell with antiparallel rubbed polyimide alignment layer. The 

devices used for the spontaneous polarization and rotational viscosity measurements are 

commercially available from company (AWAT. SP. Z O.O.) [6]. 
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4.3- Experimental Results of the Compound A: 

4.3.1- Phase diagram: 

The phase diagram for all phases of the compound A and its binary mixture are 

presented in figure (4.2). Additionally, the SmC*
α phase to the SmC* phase transition 

was determined by using the current reversal technique by tracking the appearance and 

vanishing the double current peaks of the SmC*
α phase [1,7]. As shown in figure (4.2), 

for the compound A and its mixtures, the SmC*
α phase becomes stable over a wide 

range of temperature at the expense of the intermediate phases and the antiferroelectric 

SmC*
A phase when the chiral dopant is added. Moreover, the intermediate phases 

become stabilized by adding the dopant from 3 wt % to 6 wt %. These intermediate 

phases become stable at expense of the antiferroelectric phase (SmC*
A).  A focused 

study of the compound A and the 7 wt % mixture was carried out, because this special 

mixture provides ≈  15 oC of the SmC*
α phase beside the existence of the ferroelectric 

SmC* phase to compare with it. On continued addition of the dopant, the SmC*
α phase 

is suppressed and the SmA phase only exists. Chang et al [1] provided experimental 

evidence of the stabilization the SmC*
α phase due to increase the chirality of the system 

by chiral dopant addition. They investigated this and others materials by using the 

generalized Landau model [8] and determining the model parameters to interpret the 

stabilization mechanisms. 
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The theoretical basis and proposals of the SmC* subphases existence and their 

stabilization was made by M. Čepič and B. Žekš [9] through study the piezoelectricity 

and flexoelectricity which claimed to be responsible on varying the different SmC* 

subphases including the SmC*
α phase in the antiferroelectric SmC*

A liquid crystals. 

Later E. Gorecka et al [10] reported that an increase of the enantiomeric excess [11,12] 

of the pure material that might lead to stabilization of the SmC*
α phase and intermediate 

phases due to the longer range bilinear and short range biquadratic interlayer 

interactions. Then, the consequences of these interlayer interactions are distorted clock 
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structures and first-order transitions between these phases occurred. Therefore, the 

observation of the internal dynamics and the molecular motion of the switching process 

would be made over large temperature scale. 

 

4.3.2- Tilt Angle oθ : 

The optical tilt angle primarily represents the angle of the orientation of the highly 

polarisable molecular cores with respect to the layer normal. The saturated values of tilt 

angle θo decrease from 31o of pure compound A0 to 18o of the binary mixture A7 as 

observed in elsewhere [13], see (Fig. 4.3).  It can be seen clearly that the tilt angle value 

decreases as the chiral dopant S1011 concentration increases which reflects the 

suggestion that o the arrangement of the molecular core changes when the chiral dopant 

is added, possibly due to the steric hindrance among the molecules [14,15]. This 

hindrance may lead to enforce molecular conformational packing of molecules in 

certain ways to keep the potential energy lower along the molecules.  The director tilts 

over wide range of temperature ≈  55 K below the SmA-SmC*
α transition from at 

saturation tilt angle 31o in the compound A0 through varying tilted SmC* subphases. 

The temperature range of the compound A3 was shorter with saturation tilt angle 26o at 

≈  42 K. In A5 compound, at the temperature range 38 K the saturation tilt angle is 23o.  

The tilt angle in A6 was 20o at temperature ≈  30 K because A6 has not the 

antiferroelectric SmC*
A phase with wide SmA and SmC*

α phases, see figure (4.2). The 

trend continued within A7 compound where the saturated tilt angle was 18o over 

temperature range ≈  27 K. In A8 compound, the tilt angle was 15o at the temperature 

≈ 19 K where the tilted phase was the SmC*
α phases only, as shown in both figure (4.2) 

and (4.3). The accuracy of measuring the tilt angle was ±0.3o. The decrease in the tilt 

angle would cause a decrease in the spontaneous polarization. Where the coupling 
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between the polarization and tilt angle can be determined through parameters of the 

generalized Landau model as was reported by Dierking [16]. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

4.3.3- Spontaneous Polarization PS : 

The spontaneous polarisation PS as a function of the reduced temperature ([ CTT − ], 

where CT  is the SmA-SmC*
α transition temperature) was measured for the compound A 

and its mixtures. The spontaneous polarisation PS is measured using triangular current 

reverse method as was described in chapter 3. The figure (4.4a) shows the current 

versus the time in the SmC*
α phase and how the shape double peaks at high temperature 

Fig. 4.3: the diagram shows the effect of adding chiral dopant S1011 to the 

compound A on the tilt angle οθ  of the molecules. The tilt angle decreases 

when the added amount of dopant is increased. T is measuring temperature, 

while CT  is the temperature of the SmA-SmC*
α phase transition. 
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of the phase transform to one peak at lower  near to the transition to SmC* phase. The 

observations of evolving the shape of the current peaks from double to single is helping 

to understand the mechanism of molecular motion under electric field application. The 

two peaks appear because there are two motions due to alignment dipole moments with 

the external electric field and the small shoulder of the doublet peak comes from the 

transverse dipole moments of the material. 

 

It is clearly seen that the saturated values of spontaneous polarization PS generally 

decrease with increasing chiral dopant concentrations. The PS value of the pure host 

material A0 is 76±3 nC/cm2 at saturation, while after adding the chiral dopant S1011 the 

PS decreases to 64, 56, 46, 42 and 35 ±3 nC/cm2  for A3, A5, A6, A7 and A8 

respectively, see figure (4.4b). 

  

The high value of PS (up to 76 nC/cm2) of the pure compound A is due to the existence 

of a wide temperature range of SmC*
A phase, which needs high electric dipole moment 

to be stabilized. Jaradat et al. [15] reported the highest PS value obtained was up to 160 

nC/cm2 of a material that has the same molecular structure of compound A but with no 

fluorine atoms attached. In comparing the structure of Compound A and that was used 

by Jaradat et al, compound A has two fluorine atoms on a similar molecular structure. 

These fluorine atoms decrease the electron density over the benzene ring due to their 

high electronegativity, and then lead to decrease the dipole moment required in 

stabilization of the antiferroelectric phase. 

 

 In the figure (4.4), the most dramatic change in PS in the mixture can be found between 

mixture A5 and A6, and is accompanied with the vanishing of the antiferroelectric 
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phase in A6. After that, one can note the PS overlapping in mixtures A7 and A8 due to 

wide range of the SmC*
α phase in the both mixtures.  

 

The dramatic decrease observed in PS values of the A mixtures as a function of 

increasing dopant concentrations may be as a result of the different handness of the 

chiral dopant and the compound A [10]. Then, the net electric dipole moment decreases 

and leads to decrease the spontaneous polarisation as well [10]. A second possible 

explanation of this decrease may be related to the decrease in the tilt angle as observed 

in figure (4.3), because the coupling between in the polarization and tilt angle is 

decreased. This explanation is in agreement with the experimental results of Chang [1], 

where the biquadratic polarization-tilt coupling coefficient Ω  decreased with dopant 

concentration increase. Thus, the polarization-tilt coupling might be the reason for 

decreasing spontaneous polarization with increasing chiral dopant. 

 

 

4.3.4- Rotational Viscosity using Current Reversal Method: 

The rotational viscosity φγ  can be deduced from the data profile of PS by using equation 

(2.15). Figure (4.5) presents the rotational viscosity of compound A and its mixtures. In 

the vicinity of the SmA-SmC*
α transition temperature of the pure host material A0, the 

viscosity had a rapid increase from 0.003±0.002 Pa.s at 0.5 K below the transition to 

0.008±0.002 Pa.s at 2 K below transition.  The same trend can also be seen in the higher 

temperature region of the SmC*
α phase for mixtures A3 and A5. There are dramatic 

increases from 0.004±0.002 Pa.s at the transition for A3 to 0.010±0.002 Pa.s at 2.6 K 

below transition, and from 0.002±0.001 Pa.s at 0.9 K below the transition to 
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0.009±0.001 Pa.s at 3.4 K below transition for A5. Then, the rotational viscosity starts 

increasing gradually in the lower temperature region of the SmC* phase to exhibit the 

same increase from SmC*
α phase to SmC* phase for all mixtures as shown in the figure.  

In both A6 and A7 mixtures, due to the wide temperature range of the SmC*
α  phase, 

there is an illustration of the behaviour and dynamics of this phase in obvious way, i.e. 

this widening in the SmC*
α phase acts as a magnification for the behaviour in other 

mixture sets. The viscosity of A6 is increased rapidly from 0.006±0.002 Pa.s at 0.9 K 

below transition to 0.02±0.002 Pa.s at 6 K.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5: The graph shows the rotational viscosity determined using the current 

reversal method versus the thousand times reciprocal of the absolute 

temperature. The arrows refer to the SmC*
α-SmC* transition except for the A8 

mixture which exhibits the SmC*
α phase only. Other transition temperatures 

were indicated for clarity.  
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While in the low temperature region of the SmC*
α phase in mixture A6, the viscosity 

increase became a slower as well as the SmC* phase until 0.100±0.002 Pa.s at 25 K 

below the transition. For A7 the dramatic increase in the rotational viscosity with 

decreasing temperature starts from 0.002±0.002 Pa.s at 0.5 K below transition to 

0.020±0.002 Pa.s at 8.6 K below transition. The viscosity then increases gradually 

across the transition to the SmC* phase and continues increasing to 0.09±0.002   Pa.s at 

29 K below SmC*
α-SmC* transition.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The typical rotational viscosity values of SmC* phase in the ferroelectric liquid crystals 

are in order of 0.01 ̶ 0.1 Pa.s [17]. The viscosity of the SmC* phase in the mixtures is of 

the same order with values between 0.008 ̶ 0.014 ±0.002 Pa.s for A0 , 0.01 ̶  0.02 ±0.002  

Fig. 4.6: The rotational viscosity measured by current reversal technique 

against the reduced temperature ( CTT− ) where CT  is SmA-SmC*
α  transition. 

In the SmC*
α and SmC*

 phases the rotational viscosity is independent of the 

concentration of chiral dopant. 
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Pa.s  for A3,  0.01 ̶ 0.03 ±0.002  Pa.s for A5, 0.02 ̶  0.1 ±0.002 for A6 and 0.02  ̶  0.08 

±0.002  Pa.s for A7.It can be noted that when SmC*
α and SmC* phases become wide 

such as A6 and A7, the values of rotational viscosity increase and all phenomena can be 

observed clearly. In the mixture A8, the SmC*
α phase only was detected, and the 

rotational viscosity φγ  values were in order of 0.001±0.001 Pa.s to 0.050±0.002 Pa.s. 

Therefore, the rotational viscosity is effectively independent on adding the different 

concentration of the chiral dopant in the SmC*
α phase, and the temperature depending is 

different as shown in figure (4.5).  In the ferroelectric phase in the all materials have 

effectively the same viscosity at equivalent reduced temperature; it is only in the 

intermediate and antiferroelectric phases that significant differences become clear, as 

shown in figure (4.6).  

 

4.3.5- Rotational Viscosity using Dielectric Method: 

The dielectric method was used to determine the rotational viscosity of the material A 

and its mixtures. This method is efficient and useful in investigating the internal 

dynamics and molecular motions of the liquid crystalline molecules (mesogens). The 

dielectric permittivity ε ′ and dielectric loss ε ′′  were measured to determine the 

viscosity. The dielectric permittivity ε ′  indicates to the ability of mesogens to polarize 

in response to the electric field, and thereby reduce the total electric field inside them. In 

other words, the real part of the permittivity is the measure of the resistance that is 

created at applying an electric field in the liquid crystalline molecules as a medium. 

While the dielectric loss ε ′′  which is the imaginary part of the complex permittivity, 

indicates the energy dissipated in the medium [18], this energy is used for the internal 

dynamic as molecular rotation for all or a part of the molecules. The dielectric 
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relaxation Gf  is the frequency that corresponds to the relaxation peak (Goldstone mode) 

in the ferroelectric liquid crystals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The above dielectric parameters beside the PS  and tilt angle oθ  were used to calculate 

the rotational viscosity of the compound A to confirm the SmC*
α  phase behaviour and 

to attempt to understand the switching dynamics in the SmC*
α  phase. Figure (4.7) 

shows the rotational viscosity φγ  of the SmC*
α  phase and SmC* phase only for more 

clarity and for comparing the behaviour of the SmC*
α  phase to the SmC*

 phase. The 

viscosity had two trends in the SmC*
α  phase also detected by using the dielectric 

method.  The two trends represented as a dramatic increase in rotational viscosity φγ  in 

Fig. 4.7: the rotational viscosity determined using dielectric method against the 

1000 times of reciprocal absolute temperature. The black squares indicate to the 

SmC*
α phase and red circles refer to the SmC* phase. The other phases were 

omitted for more clarity in comparison viscosity in the two phases and can be 

measured them by this technique. 
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the high temperature region of the SmC*
α  phase and the increase became more gradual 

in the low temperature region of the phase. This gradual increase is continued in the 

SmC* phase. At comparing the results of the mixtures A0, A3 and A5 the behaviour of 

the viscosity in the SmC*
α  phase was not clear but in wide temperature range of the 

SmC*
α  phase, the behaviour of the viscosity became more obvious as was shown in A6 

and A7, see figure (4.7). The A8 mixture was different where all the tilted phase in this 

phase was the SmC*
α  phase beside the behaviour of the viscosity was noted as the first 

regime of the high temperature region of the SmC*
α  phase only. The viscosity of A6 

and A7 were overlapped due to the wide temperature range of the SmC*
α  phase and 

diminish the intermediate phases and the antiferroelectric phases. 

 

4.3.6- Internal dynamics using Dielectric Method: 

To know the internal dynamics of the SmC*
α phase, the dielectric spectroscopy is a 

helpful tool to use. The A7 mixture was chosen among the mixtures A sets due to its 

wide SmC*
α temperature range (15 oC). It enables us to study clearly the dielectric 

properties and characteristics of this phase, such as the collective modes and their role 

in switching in the SmC*
α and SmC* phases. The dielectric strength ∞−=∆ εεε S  of 

the mixture A7 and its dependence on the temperature are presented in the figure (4.8a) 

with an error of 5% from fitting the experimental data with the equation (3.7). The 

dielectric strength of the SmA phase increases up to 11 with decreasing temperature. In 

the SmC*
α phase there is a continuous increase of ∆ε to 15 before it starts to decrease to 

14 at 7 K below the transition as observed by Manna et al [19]. Then, ε∆  returns to 

increase again up to 16 in the SmC* phase. This behaviour of �ε may be explained 

either by a transition from one phase to another or evolution of the pitch. The mode 

detected in the SmA phase is the soft mode which reflects the molecular motion due to 
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the fluctuations of the tilt angle near to the transition temperature to the ferroelectric 

[20]. While the mode detected in the SmC*
α  and the SmC*

 phases is the Goldstone 

mode which reflects the molecular motion due to the fluctuations of the azimuthal angle 

in the ferroelectric phases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8: The chosen mixture A7 has the capability of showing a detailed comparison 

of the dielectric parameters in both the SmC*
α  phase and the next SmC* phase. a) 

Dielectric relaxation frequency and the dielectric strength of A7 are plotted against the 

reduced temperature. The Cole-Cole plot is plotted as in b) to show change of 

dielectric strength ε∆  with different temperatures. 
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The Cole-Cole plot of ε ′ and ε ′′ shows the dielectric strength ε∆  in an instructive way 

which the ε∆  can be determined from fitting by a circle as shown in figure (4.8b). The 

temperature dependence of the relaxation frequency Rf  of A7 is plotted in figure (4.8a). 

The relaxation frequency changes from 86.0±4.3 kHz at higher temperatures in the SmA 

phase down to 19.0±0.9 kHz at the phase transition to the SmC*
α phase. Then, the 

relaxation frequency Rf  gradually decreases from ≈17.0±0.5 kHz to ≈  6.0±0.3 kHz in 

the SmC*
α phase with decreasing temperature. In the SmC*

 phase, the relaxation 

continues to decrease from ≈  6.0±0.3 kHz to ≈  2.5±0.1 kHz. It can be noted that the 

relaxation frequency in the SmC*
α phase raises from 19 kHz to 6 kHz, which means that 

the relaxation time is faster in the high temperature range ( ≈8 µs) than low 

temperatures in the SmC*
α phase ( ≈ 26 µs). The relaxation process observed in the SmA 

phase is sustained only in the high temperature region in the SmC*
α phase. On the other 

hand, the relaxation process in the low temperature region in the SmC*
α phase continues 

into the SmC* phase. Moreover, both the dielectric strength ∆ε and the relaxation 

frequency Rf  show two regimes across the wide SmC*
α phase.  

 

4.3.7. A- The Collective Modes In The Mixture A7: 

Despite the useful information obtained from the dielectric parameters such as the 

relaxation frequency Rf  and the dielectric strength ∆ε, it is still hard to determine the 

type of relaxation modes in the SmC*
α

 phase and switching dynamics in this subphase. 

Therefore, further experiments were carried out to measure the dielectric permittivity 

ε ′ and dielectric loss ε ′′ . The temperature dependence of permittivity ε ′ and dielectric 

loss ε ′′  on varying the frequency from 20 Hz to 2 MHz for A7 is shown in the figure 

(4.9).  It can be seen that the dielectric permittivity ε ′  follow the behaviour of the 

dielectric strength ∆ε.  
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Fig. 4.9: the 3D graphs show the temperature dependence of permittivity ε ′ and 

dielectric loss ε ′′  on log scale of the scan frequency from 20 Hz to 20 MHz. a) 

permittivity ε ′  and b) dielectric loss ε ′′ of the mixture A7. 
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The permittivity at low frequencies (100-300 Hz) started to increase in the SmA phase, 

and it continued to the SmC*
α

 phase until 26.2±1.3 then decreased in the same phase to 

23.0±1.1. A slow increase steady follows in the remainder of the SmC*
α

 phase rising 

toward the SmC* phase to 27±1.4 in the SmC * phase. 

 

The temperature dependence of the dielectric loss ε ′′ with different frequencies is 

shown in figure (4.9b). The soft mode [21] was detected easily in the SmA phase 

because the only mode could appear in this phase was soft mode. At the transition of the 

SmA to the SmC*
α

 phases, the type of the collective mode was hard to be identified.  

 

4.3.7. B- Identification of The Collective Modes In The Mixture A7: 

It is known that both the soft mode and the Goldstone mode [22] may be detected in the 

SmC*
α phase.  Merino et al [23] suggested that the soft mode and the Goldstone mode 

are mixed in the SmC*
α near the transition to the SmA phase, while Wojciechowski et al 

[24] suggested that only the Goldstone mode occurs in the SmC*
α phase. It is possible to 

identify the type of mode by applying a DC electric field bias and observing the mode 

response to applied electric field. If the mode amplitude is suppressed rapidly by the 

field, it will be a Goldstone mode. In contrast, if the mode amplitude is not suppressed 

but has a small amount of amplitude reduction, then the mode is a soft mode. The figure 

(4.10) illustrates the response to the application of a DC bias field in the SmC*
α phase at 

57 oC i.e. 3 K below the SmA-SmC*
α phase transition. The dielectric permittivity 

ε ′ was decreases sharply from 27.3±1.4 with no bias field 0 V to 15.0±0.8 when the DC 

bias is 10 V.  The dielectric loss ε ′′ has the same response to the DC bias field. The 

amplitude of the dielectric loss ε ′′ relaxation peak decreases sharply from 7 at 0V to 2 
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at 10 V, i.e. it decreased more than its half value of the peak amplitude. This 

suppression is considered to be a result of unwinding the helix. Finally, it can be seen 

that the observed mode in the SmC*
α phase is nearly independent of frequency when the 

temperature changes. In conclusion, the characteristics belong to the typical Goldstone 

mode in the SmC* phase. For the reasons above, the collective molecular mode of 

motion in the SmC*
α phase of the A7 mixture was determined to be the Goldstone mode 

as shown in the figure (4.9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.10: The graph shows permittivity ε ′ and dielectric lossε ′′ decrease 

sharply when a DC bias voltage is applied to the A7 mixture. The symbol 

(�) refers to 0 V DC bias, (�) 1 V, (�) 2 V, (�) 3 V, (�) 4 V, (�) 5V, 

(�) 6 volt, (�) 7 V, (�) 8 V, (�) 9 V and (�) 10 V. This leads to decrease 

in the dielectric strength ∆ε. Thus, the relaxation peak in the SmC*
α phase is 

Goldstone mode.  
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4.4- Experimental Results of The Compound B: 

Compound B was chosen for study for several reasons. Firstly, it has a different 

molecular structure than compound A; the rigid core of material B does not contained 

any hetro-atoms in contrast to material A. Further, there is only one fluorine atom 

attached to the phenyl group of the core.  The molecular structure and the phase 

transition sequences are shown in figure (4.1). The aim of using a different system is to 

study the rotational viscosity of the SmC*
α phase in a range of systems. Again, 

comparison is made between to the SmC*
α phase in the pure material B, and specific 

mixture B3. Compound B has a relatively wide SmC*
α phase temperature range ≈  5 K, 

while in the mixture B3 the SmC*
α phase becomes ≈  10 K wide when 3% of the chiral 

dopant S1011 is added as shown in the table (4.1).  Again, the wide temperature range 

of the SmC*
α phase allows a better investigation of its properties. 

 

4.4.1- Tilt Angle oθ  : 

The optical tilt angle primarily represents the angle of the orientation of the highly 

polarisable molecular cores with respect to the layer normal. The saturated values of tilt 

angle θo decrease from 19o in the pure compound B0 to 9o in the binary mixture as 

shown in the figure (4.11). It can be seen clearly that again the tilt angle value decreases 

as the chiral dopant S1011 concentration increases. This reflects the changed 

arrangement of the molecular core when the chiral dopant is added, possibly due to the 

steric hindrance among the molecules [14]. The stabilization of the SmC*
α phase 

happened to material B at lower concentration if is compared to material A. The reason 

for the large range in the pure material in the first place, the tilt angle of the B0 is lower 

than to the A0 by 17o [1]. Additionally, there is difference in the molecular structure 

between two systems A0 and B0. 
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Fig. 4.11: The optical tilt angle of B and B3 mixtures plotted against the 

reduced temperature where CT  is the SmA-SmC*
α transition temperature. The 

tilt angle of B0 symbol is (■) and the circle (●) for the tilt angle of B3. The 

dramatic decreases of the tilt in the SmC*
α phase takes place when (3 wt %) 

concentration added to the compound B. 
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4.4.2- Spontaneous Polarization PS : 

The spontaneous polarisation PS as a function of the reduced temperature ([ CTT− ], 

where CT  is the SmA-SmC*
α transition temperature) was measured for the compound B 

and its mixture, see figure (4.12). It is seen clearly that the low temperature values of 

spontaneous polarization dramatically decrease with increasing the chiral dopant 

concentrations (at 3 wt %) as does the tilt angle. The PS value of pure host material B0 

takes a maximum value 79±3 nC/cm2, while after adding the chiral dopant S1011 the 

maximum value of PS decreases to 28±3 nC/cm2, as shown in figure (4.12). The same 

behaviour was observed in compound A mixtures with the chiral dopant S1011. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As mentioned before in the mixture A, the dramatic decreases in PS values in mixture 

B3 may be as a resultant of the different handness in the mixture between the chiral 

dopant and the molecules [10].  

Fig. 4.12: The diagram shows the effect of adding the chiral dopant S1011 

to the compound B on the spontaneous polarization. The spontaneous 

polarization PS decreases dramatically as dopant concentration increased. 
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4.4.3- Rotational Viscosity using Current Reversal Method: 

The rotational viscosity φγ  deduced from the data profile of the PS response by using 

equation (2.15) for the material B and its mixture B3 is shown in figure (4.13). In the 

vicinity of the SmA-SmC*
α transition temperature of the pure host material B0, the 

viscosity had a rapid increase rapidly from 0.001±0.002 Pa.s at 0.4 K below the 

transition to 0.008±0.002 Pa.s at 3.4 K. In low temperature region of the SmC*
α phase 

viscosity continues to increase but more slowly from 0.008±0.002 Pa.s to 0.016±0.002 

Pa.s at 5.4 K below the transition. It was noted that compound B has a wide range of the 

SmC*
α phase ≈ 5 K.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.13: The graph shows the rotational viscosity of the material B and its 

mixture B3 against the absolute temperature. The small graph shows the reduced 

absolute temperature. The rotational viscosity is independent of the adding chiral 

dopant at lower temperature of the SmC*
α  phase and SmC* phase. 



 127

This confirms the rotational viscosity behaviour which was observed in the A mixtures. 

The compound B is stable material due to the resonance structures of biphenyl group 

with the bonded ester group [25,26,27]. In B3, the SmC*
α  phase was stabilised for 10 oC 

or 10 K and other phases below the SmC*
α  phase were suppressed till the crystalline 

phase as shown in table (4.1). The rotational viscosity increases in two different rates. 

First one more gradually from values of 0.009±0.002 Pa.s at 0.1 K below the transition 

to 0.029±0.002 Pa.s at 9.6 K, then it rises up less gradually in the SmC*
α  phase from 7.1 

K below the transition from 0.026±0.002 Pa.s to 0.029±0.002 Pa.s at 9.6 K. 

 

Thus, we can confirm the rotational viscosity behaviour again was observed in another 

material with its mixture. The rotational viscosity is independent on the concentration of 

the chiral dopant as shown in the small graph in the figure (4.13). It can be clearly seen 

that the increase rate in B0 has a significant different in the high temperature region of 

the SmC*
α phase than rate of a B3 mixture. Then, both viscosities in B0 and B3 are 

effectively equivalent to each other in low temperatures of the SmC*
α phase. 

 

4.4.4- Internal dynamics using The Dielectric Method: 

The dielectric parameters such as the relaxation frequency Rf  and the dielectric strength 

∆ε were measured to study the internal and molecular dynamic of the material B0 and 

B3. The determination of the relaxation modes in the SmC*
α

 phase were carried out by 

measuring the permittivity ε ′ and dielectric loss ε ′′  for the materials. The temperature 

dependence of the dielectric strength ∆ε and the relaxation frequency Rf  on scanning 

frequency from 20 Hz to 2 MHz for B0 is shown in the figure (4.14). 
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In the compound B0, it was found the dielectric strength ∆ε values in the SmA phase 

increased up to 8.5 with decreasing temperature. These values were obtained by fitting 

experimental data with error 5% for the Havriliak-Negami equation (3.7).  In the SmC*
α 

phase there was a small continual increase of ∆ε to 9.5 before it started to decrease to 

4.5 at 5 K below the transition as can be seen in figure (4.14). Then ∆ε  remained 

approximately constant at 4.5 in the SmC*
 phase until 10 K below the SmA-SmC*

α 

phase transition decreasing to 1 before transition to the SmC*
FI1. The relaxation 

frequency Rf  fell from 330±16 kHz in the SmA phase at 12 K above the transition to 

22±1 kHz at the SmA-SmC*
α transition. Then, it decreased slightly from 31±1 kHz to 

25±1 kHz in the SmC*
α phase. It was noted that the relation frequency was steady at the 

lower temperature of the SmC*
α phase and started to decrease in the SmC*

 phase. 

Fig. 4.14: The Dielectric strength (right scale) and the relaxation frequency 

(left scale) of the B0 mixture against temperature.  

58 60 62 64 66 68 70 72 74 76 78 80 82 84 86

0

1

2

3

4

5

6

7

8

9

10

58 60 62 64 66 68 70 72 74 76 78 80 82 84 86

0

50

100

150

200

250

300

350

D
ie

le
ct

ri
c 

St
re

ng
th

 ∆
ε

 

Sm
C

* FI
1 SmC*

SmC*

α

SmA

R
el

ax
at

io
n 

fr
eq

ue
nc

y 
(k

H
z)

Temperature Τ (oC)

B0 



 129

The dielectric strength ∆ε of B3 is shown in the figure (4.15). It takes value of 5.2 at 

50oC (in the SmA phase) increasing to 9.5 at 42 oC near to the SmA-SmC*
α transition. 

Then, ∆ε continues to increase to 12.3 at 36 oC in the SmC*
α phase. After that, it 

decreases to 3.1 at 32 oC before the transition to the crystal phase. The relaxation 

frequency Rf  in the graph falls from 37±1 kHz in the SmA phase to 13±1 kHz at the 

SmA-SmC*
α phase transition. After the transition, the relaxation frequency Rf  

continues to decrease to 5±1 kHz before the transition to the crystal phase. At lower 

temperatures in the SmC*
α phase, the relaxation frequency remains constant over ≈  4 K 

before the transition to the crystal phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.15: The graph shows temperature dependence of the dielectric strength 

of the B3 mixture (right) and the relaxation frequency (left) with the same 

temperature scale.  B3 shows only the SmC*
α phase. 

 

0

5

10

15

20

25

30

35

40

28 30 32 34 36 38 40 42 44 46 48 50 52

0

2

4

6

8

10

12

14

 

B3

Temperature Τ (
o
C)

R
el

ax
at

io
n 

fr
eq

ue
nc

y 
(k

H
z)

D
ie

le
ct

ri
c 

St
re

ng
th

 ∆
ε

 Crys

SmC*
α

SmA



 130

4.4.4. A- The Dielectric Loss ε ′′ and Collective Modes In B0 & B3: 

The dielectric loss ε ′′ and collective modes were identified for the mixture B0 and B3 

in the figures (4.16a) and (4.16b). The types of collective modes were labelled for each 

phase where the soft mode was observed in the SmA phase and the Goldstone mode 

was observed in the SmC*
α phase, as shown in the graph. The Cole-Cole plot is shown 

in figures (4.16c) and (4.16d) and the fitting analysis to get the dielectric parameter 

according to Cole-Cole model. Although the Havriliak-Negami model gives the best fit, 

the Cole-Cole plots show the variation of the dielectric strength ε∆  in an instructive 

way. 

 

4.4.4. B- Identification of The Collective Modes In Mixture B3: 

These mode types were determined when a DC bias field was applied to the B0 and B3 

mixtures. It was found, as shown in figure (4.17), that in the SmA phase the permittivity 

ε ′ and dielectric loss ε ′′  peak were suppressed to just one third of the origin value. The 

suppression due to unwound the helical pitch Po causes the permittivity and dielectric 

loss peaks’ amplitude reduce half their original value of the origin value. Thus, the 

switching mode in SmC*
α phase has the characteristics of both the soft mode and the 

Goldstone mode as described for the mixture A7. 

 

The soft mode, both above and below the SmA-SmC*
α transition in the compound B0 

and B3 is observed and it can be confirmed through plotting reciprocal dielectric 

strength versus Temperature. 
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Fig. 4.16: The temperature dependence of the dielectric loss ε ′′ of a) material B0 and 

b) mixture B3. The collective modes were shown in each phase of the mixtures B0 

and B3. In c) the Cole-Cole plot of the material B0 is shown and d) it is the Cole-Cole 

plot of the material B3. The red lines are the fitting analysis to get the dielectric 

strength. In e) the reciprocal of dielectric strength shows the soft mode in both above 

and below CT . 
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Fig. 4.17: Both dielectric loss ε ′′ and permittivity decrease sharply 

when applying a DC bias voltage to the B3 mixture. The left graph is the 

mixture B3 at 45 oC in the SmA phase while right graph at 38 oC in the 

SmC*
α phase. The symbol (�) refers to zero DC bias voltage, (�) 2V, 

(�) 4 V, (�) 6 V, (◄) 6 V, (�) 8 V, (�) 10 V and (�) 12 V. 
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4.5- The Experimental Results For The Compound C: 

Compound C was chosen because it had a lot of information about it from the previous 

study by resonant x-ray scattering [28], specifically, he helical bitch was known for this 

system in the SmC*
α phase. The molecular structure has a sulphur atom as the hetero-

atom in a thiophene group in the rigid core of the mesogen. The molecular structure and 

the phase transition were shown in the figure (4.1). The SmC*
α phase in compound C is 

narrow ≈  2 K, see table (4.1). The aim of using this compound is to comparing the 

evolution of the pitch as measured by the x-ray experiments with the dielectric data. The 

study of rotational viscosity in presence of this information helps us to understand the 

switching dynamic and director motion during switching. The behaviour of the 

rotational viscosity in both material A and B with their mixtures could be explained 

with respect to the evolution of the pitch in the SmC*
α phase in which the pitch length is 

very short in the nano-scale. Thus, the x-ray information was essentially needed to help 

us to understand and explain the viscosity behaviour. Fortunately, this information was 

available for the compound C. 

 

4.5.1- Tilt Angle oθ  : 

As seen in figure (4.18), the tilt angle of compound C was increases from 7o ± 0.2o  after 

transition from the SmA phase to the SmC*
α

 phase. This increase continued to 7 K 

below the transition, i.e. in the beginning of the SmC*
A

 antiferroelectric phase. After 

that, the increase is gradual until it reaches the saturated value  28o ± 0.2o.   
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4.5.2- Spontaneous Polarization PS: 

The spontaneous polarisation PS as a function of the reduced temperature ([ CTT− ], 

where CT  is the SmA-SmC*
α transition temperature) was measured for the compound 

C. It is seen clearly in the figure (4.19) that the maximum value of the spontaneous 

polarization PS is 37±2 nC/cm2. There is a rapid increase in the PS after the transition 

from the SmA phase through the SmC*
α phase until 3 K below the transition. The 

increase that became more gradual toward the saturated value, see figure (4.19) 

 

Fig. 4.18: The temperature dependence of the tilt angle of the SmC*
α

  

phase was presented. The optical tilt is plotted versus the reduced 

temperature was measured for the compound C. 
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4.5.3- The rotational viscosity φγ : 

The rotational viscosity was measured for compound C, for which we already have a lot 

information about its structure and the evolution of pitch in the SmC*
α and SmC* phases 

revealed by resonant x-ray scattering [28]. In figure (4.20), the viscosity increases 

rapidly from 0.0003±0.0002 Pa.s to 0.0012±0.0002 Pa.s then more gradual to 

0.0030±0.0002 Pa.s in the SmC*
α phase. In the SmC* phase viscosity increased with 

decreasing temperature until 0.006±0.0002 Pa.s. Then, the behaviour of rotational 

viscosity in the SmC*
α phase compared to the SmC* phase can be considered as the 

characteristic of the SmC*
α phase.  

 

Fig. 4.19: The temperature dependence of the spontaneous polarization 

PS of the SmC*
α

  phase was presented. 
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This characteristic shows two regimes of the viscosity in the SmC*
α phase, one at the 

higher temperatures in the SmC*
α phase, and the other at the lower temperatures in the 

SmC*
α phase continuing in the SmC* phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5.4- Internal Dynamics Using The Dielectric Method: 

The dielectric parameters of compound C which enable us to understand the molecular 

dynamics are the dielectric strength ∆ε and relaxation frequency Rf . In the figure (4.21), 

the dielectric strength ∆ε increased from 16 in the SmA phase to 87 before the transition 

to the SmC*
α phase. After transition, the dielectric strength starts to decrease until 75 

before transition to the SmC*.  In the SmC* phase, ∆ε initially remains constant around 

80 before decreasing again toward the transition to the intermediate phase. The error of 

Fig. 4.20: The graph shows the rotational viscosity of compound C against 

the absolute temperature. The SmC*
α phase show two viscosity regimes, one 

at lower temperature and another regime was at the higher temperature in the 

SmC*
α phase continuing in the SmC* phase. 
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∆ε is 5% from fitting the experimental data with Havriliak- Negami equation. The 

relaxation frequency Rf  for compound C decreases from 650 kHz in the SmA phase, 

due to the soft mode, and falls rapidly to 150 kHz near to the SmC*
α phase. Then the 

relaxation frequency Rf  continued to decrease in the SmC*
α phase to 25 kHz.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.21: In a) the relaxation frequency and the dielectric strength of the 

compound C is shown. It shows the same behaviour of A7, B0 and B3 although 

the SmC*
α phase has narrow temperature range. In b) the Cole-Cole plot is 

presented to show the change of the dielectric strength at different temperatures. 
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4.6- Discussions: 

The behaviour of the rotational viscosity in the SmC*
α phase compared to the SmC* 

phase can be considered as the characteristic of the SmC*
α phase. This characteristic 

shows two regimes of viscosity in the SmC*
α phase. To clarify our point, the activation 

energies of rotational viscosity were calculated for both the SmC*
α phase and the SmC* 

phase. The activation energy of the SmC*
α and SmC* phases were obtained from the 

rotational viscosity deduced from current reversal measurements for all the materials, 

see table (4.2). It is noted that the activation energy in low temperatures in the SmC*
α 

phase is lower than high temperatures activation energy. Thus, the two behaviour is 

adopted in the SmC*
α phase. 

 
Table 4.2: The activation energy of the mixtures obtained from the data of rotational 

viscosity by current reversal method: 

 
Phases 

Mixtures 
SmC*

α phase  SmC* phase 
EA  EA EA 

 
A0 

 
778±112 kJ/mol 

88.4 oC  :  87.4 oC 

 
213±14 kJ/mol 

87.4 oC  :  86.3 oC 

 
129±9 kJ/mol 

    
A3 2303±302 kJ/mol 

  75.6 oC  : 74 oC 
86±24 kJ/mol 

   74 oC  :  71.5 oC 
91±3 kJ/mol 

    
A5 1823±43 kJ/mol 

70.4 oC : 68.5 oC 
136±6 kJ/mol 

  68.5 oC : 65.3 oC 
78±1 kJ/mol 

    
A6 218±2 kJ/mol 

       63.9 oC : 580C 
56±3 kJ/mol 

         58 oC :  55.6 oC 
68±2 kJ/mol 

    
A7 309±9  kJ/mol 

60.2 oC : 50.5 oC 
62±9 kJ/mol 

50.5 oC  :  45.3 oC  
61±1 kJ/mol 

    
B0 1184±48 kJ/mol 

   72.4 oC : 68:0 oC 
332±23 kJ/mol 

68.0 oC  :  66.5 oC 
   61±2kJ/mol 

    
B3     118±2  kJ/mol 

  41.3 oC  : 32.8 oC 
     44±8 kJ/mol 
   32.8 oC :  31.1 oC 

-- 
 

    
C 1785±150  kJ/mol 

  87.4 oC :  86.8 oC 
  594±61  kJ/mol 
   86.8 oC :  85.3 oC 

 215±8  kJ/mol 
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The two regimes that are stated in table (4.2) for all the SmC*
α phase are deduced from 

the activation energy AE  graph of each material. For example in A7, the activation 

energy AE  of the rotational viscosity against reciprocal of the absolute temperature is 

shown in figure (4.22). The SmC*
α phase in all materials are not possible to be fitted by 

one equation (2.16a), but it is required two of the (2.16a) equation, see figure (4.22). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hirst et al. [29] reported the helical pitch evolution in the free standing film via 

resonance x-ray scattering. The helical pitch in the SmC*
α phase was increased 

continuously from 10 layers (37 nm) at 87.2 oC to ∼ 75 layers (263 nm) in the SmC* 

phase at 84 oC. The dielectric strength ∆ε and the relaxation frequency Rf  increase may 
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Fig. 4.22: The rotational viscosity against the 1000 times of reciprocal absolute 

temperature is plotted to obtain on the activation energy of the SmC*
α regimes. It 
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α phase with two different activation 

energies. 
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be predicting a continuous increase in helical pitch growth as in the SmC*
α phase of the 

compound C. Then, the growing of pitch become less when the temperature decreased 

to be near to the SmC*
α-SmC* phase transition.  Moreover, the behaviour of increase the 

dielectric strength ∆ε that observed in the A7 mixture may predict a gradual continuous 

growth of helical pitch. This means that the SmC*
α phase has both antiferroelectric and 

ferroelectric characteristics across its entire temperature range.  

 

The pitch length of the helix Po in the SmC*
α phase is related to the dielectric strength 

∆ε and the typical relation between them [3] is given by ∆ε ∼ Po
2 and relaxation 

frequency Rf  ∼ Po
-2.  As the pitch length Po of the helix in the SmC*

α phase is much 

shorter than the length in the SmC* phase, one can expect a much lower value of 

dielectric strength ∆ε and two orders of  a higher magnitude of relaxation frequency C 

in the SmC*
α phase compared to the SmC*

 phase. The elastic constant is possible to be 

estimated by the dielectric method, if the helical pitch Po is measured. The elastic 

constant is strongly temperature dependent and is also generally phase dependent, where 

33K  is obtained, at TTC − = 10 oC, as 33K  = 2.3×10−11 N and φγ  = 0.04 Pa.s [29]. These 

values are in good agreement with those obtained by Gouda et al [30] and Levstik et al 

[31] for other materials. 

 

The same behaviour of dielectric relaxations and rotational viscosity in compound C are 

also observed in the all materials of A and B. Additionally, the SmC*
α phase has got 

many characteristic of the SmC* phase. In terms of the response and relaxation times, 

the higher the relaxation frequency Rf  the lower the relaxation time Rτ . As the 

Goldstone mode is responsible for the switching in SmC* subphases, then the higher 

relaxation frequency Rf  results in the faster response time (few microseconds in the 
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material studied, i.e. less than 5 µs or ∼2 µs). Therefore, due to the evolution of very 

short pitch length of the SmC*
α phase with decreasing temperature, we can consider that 

there are two regimes of the rotational viscosity behaviour in the SmC*
α phase of the all 

materials. This let us suggest that the response time τ  in the SmC*
α phase 

PE
γτ =  is 

fast (few microseconds) in the high temperature region, while the switching time is 

increase to be slow (tens of microseconds) in the low temperature region of SmC*
α

 

phase. This suggestion confirmed when the dielectric measurements were carried out to 

obtain on the rotational viscosity as shown in material A and its mixtures.  
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4.7- Conclusions: 

The rotational viscosity was deduced using two techniques (the current reversal method 

and the dielectric relaxation method). The conclusions that came from results are as 

followings; the rotational viscosity reduces significantly in the SmC*
α phase compared 

to the SmC* phase and the other subphases for all materials studied. The spontaneous 

polarization PS and the tilt angle θo decrease with increasing dopant concentration as 

observed elsewhere. The rotational viscosity is almost independent of dopant 

concentration except mixtures A6 and A8 which show a higher viscosity than other 

mixtures of material A. Mixtures of material B show differences in the high temperature 

region of the SmC*
α phase only, but at low temperatures the viscosity is independent of 

dopant concentration in material A. These differences are due to different rates of the 

evolution the short helical pitch in the SmC*
α phase between the two mixtures.  

 

Dielectric relaxation studies show that the dielectric mode which dominates of the 

switching in the SmC*
α phase is the Goldstone mode. The dielectric properties are 

related to the pitch length of the helix Po and the typical relationships are ε∆  ~ Po
2 and 

Rf  ~ Po
-2. The measurements show the evolution of short pitch length in the SmC*

α 

phase, as confirmed in material C. The relaxation frequency in the SmC*
α phase is ten 

times higher than in the SmC* phase, because the helical pitch (and the tilt angle) are 

both much smaller in the SmC*
α phase. This leads to a lower relaxation time and faster 

switching in the SmC*
α phase than the SmC* phase. 
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4.8- Summary: 

We have measured the rotational viscosity in the SmC*
α

 and SmC* phases of the binary 

mixtures set of antiferroelectric material A, B and C with chiral dopant S1011 by 

current reversal and dielectric studies. Both PS and θo decreased with increasing dopant 

concentration in all mixtures studied. There are two regimes of viscosities presented the 

SmC*
α

 phase. The rotational viscosity is almost independent of the chiral dopant 

concentrations. Then, a comparison was made between A and B mixtures and material 

C as well study this behaviour in another systems and it was confirmed in all 

investigated materials. We focused on mixture of A7 because of its wide range of the 

SmC*
α

 phase to study the dynamics and dielectric characteristic. To get the better 

understand for switching behaviour of the SmC*
α phase, the dielectric properties were 

determined for other mixture and materials. 

 

The type dielectric mode in the SmC*
α phase is Goldstone mode A and C materials, 

while it is both Goldstone and soft modes in B materials. These mode are responsible of 

the switching in both SmC*
α and SmC* phases. We confirm the identity of the 

Goldstone mode by applying DC bias field (1-12Volts). The complex permittivity 

component ε ′  and ε ′′ values are suppressed after applying DC bias field, which this 

suppression is one of the Goldstone characteristics. The soft mode is not suppressed as 

much as Goldstone mode. A quick comparison between the dielectric parameters (∆ε 

and Rf ) of the A7, B0, B3 and C compounds, gives us an idea how is the evaluation of 

pitch in both the SmC*
α and SmC* phases.  

 

The relaxation frequency in the SmC*
α phase is ten times higher than in the SmC* 

phase, because the helical pitch (and the tilt angle) are both much smaller in the SmC*
α 
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phase. This leads to lower relaxation time and faster switching in the SmC*
α phase than 

the SmC* phase. These explain the change of the viscosity rate with decreasing 

temperature as not expected as SmC* phase. Its amplitude decreases with increase the 

DC bias voltage and increases with decreasing temperature and then SmC*
α

 phase has 

ferroelectric nature. 
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5.1- Introduction: 

In this chapter, the field induced transitions of the intermediate phases (three-layer and 

four- layer phases) were investigated for the intermediate phases for pure materials with 

different chemical structures. The differences in the structures of pure materials were 

located in the core of the mesogens. As reported in chapter two, the theoretical models 

can explain the transitions from the four-layer phase to either a three-layer phase or to 

the ferroelectric SmC
* 

phase and three-layer phase to three-layer and then the 

ferroelectric SmC
* 

phase on the application of an electric field, which this thesis will 

focus on. There was another transition from the antiferroelectric phase to field-induced 

three-layer phase and then to the SmC
* 

phase. This transition is observed for just one 

material regarding to the model described in chapter two. The two theoretical models 

explained the field induced transition through varying the coupling coefficient between 

next layer, nearest-to-next layer and next-to-next nearest layer...etc.  

 

The aim of this study of the field induced transitions presented in this chapter is to 

investigate the interactions between the smectic layers in the intermediate phases. The 

coupling coefficient was measured according to the mentioned simple models in chapter 

two mentioned which considered the forces that determine the smectic layer structures 

in different intermediate phases. The parameters that may affect the next-to- nearest 

(NN) layer coupling coefficient o∆  were investigated in the three different materials 

through applying an electric field. Understanding the interesting induced transition may 

lead to new applications in which a varying electric field is used to control the light 

transmitted and the switching processes in the ferroelectric and  the antiferroelectric 

phases [1].   
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5.2- Materials: 

The materials considered chapter are material D, E and F. In the figure (5.1) the 

molecular structures of the molecules D, E, and F are drawn. It noted that the materials 

have having the same side chains but differ in the mesogens core. The reasons for 

choosing these materials are their plenty information and data by x-ray experiments and 

electro-optic measurements were reported and available [2,3,4,5,6].  
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Fig. 5.1: The molecular structures and the transition temperatures in Kelvin 

and Celsius of compound D, compound E and compound F are shown. All 

the materials have common the terminal chains, but have differences that are 

located in the core. 
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The mesogens length is close to each other in these materials due to have the same side 

chains with relative core lengths [2]. The three materials were investigated via 

polarizing microscopy in devices with thicknesses around 20-25 µm, each with a 6,6-

nylon alignment layer.  

 

5.3- The Experimental Results of the Pure Materials: 

The following sections will present and explain the experimental results of the field 

induced transitions through measuring the threshold fields and spontaneous polarization 

of the materials D, E and F. These results will be explained with respect to the two 

theories which were discussed and presented in chapter two about the field induced 

transitions. The equations that will be used to analysis the data of the field induced 

thresholds are as mention in the second chapter of this thesis are: 

 

The equation of the SmC
*
FI2-SmC

* 
field-induced transition is:  

           4−−=
∆

−
C

o

S TT
EP

                                                                       (2.39)    

The equation of the SmC
*
FI2-SmC

*
FI1 field-induced transition is:  

             43−−=
∆

TT
EP

o

S

                                                                  (2.40) 

The equation of the SmC
*
-SmC

*
FI1 field-induced transition is: 

           [ ]4343
4

1

2
−− +−=

∆
− TTT

EP
C

o

S

                                          (2.41) 

The equation of the SmC
*
FI1-SmC

*
A field-induced transition is: 

           A

o

S TT
EP

−−=
∆

− 3
2                                                                    (2.42) 
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where T is the absolute temperature, 
4−C

T  is the transition temperature from the SmC
*
 

phase to SmC
*

FI2 phase, 
43−T  is the transition temperature from the SmC

*
FI2 phase to 

SmC
*
FI1 phase 

AT −3
 is the transition temperature from the SmC

*
FI1 phase to SmC

*
A phase 

and o∆  is the coupling coefficient. The transition from the first field induced 3-layer 

(the SmC
*
FI1.1) phase to the second field induced 3-layer (SmC

*
FI1.2) phase according the 

second model which explains this transition [7] is given as: 

         [ ]4343
4

1

cos2
−− +−=

∆
− TTT

EP
C

o

S

α
                                      (2.48) 

The equation of the SmC
*
FI1.2-SmC

*
 field-induced transition is 

         ( )
[ ]4343

4

1

2cos
−− +−=

+∆
− TTT

EP
C

o

S

α
                               (2.49) 

The intercepts in equations (2.48) and (2.49) are the same if the assumption of α = 0
o
 is 

made at SmC
*
FI1.1-SmC

*
FI1.2 field-induced phase transition and α = 90

o
 that decreases to 

0
o
 at the SmC

*
FI1.2-SmC

*
 field-induced transition when electric field E increases as 

described in chapter two. However, the experimental values of these intercepts are 

different than what expected from the second theoretical model of the SmC
*
FI1.1-

SmC
*
FI1.2 field-induced phase transition. Thus the assumption was made for angle α 

yields the equation (2.41) with the same gradient and intercept theoretically. The 

equations (2.39-42) only were used in the fitting analysis of the field induced transitions 

in the intermediate and the antiferroelectric phases. 

 

The coupling coefficient o∆  was very important parameter to know the internal forces 

and interaction that may influence of the switching and transition in the intermediate 

phases. Because the switching in the four-layer intermediate phase is different than the 

switching in the induced three-layer phase due to change of the layer structures and 

spontaneous polarizations PS in each phase at application of  AC electric Field.  
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5.3.1- Spontaneous Polarization PS : 

The spontaneous polarization of the materials D, E and F were measured against the 

reduced temperature ( CTT− ), see figure (5.2). There are dramatic increases in the PS 

values below the SmA-SmC
*
α phase transition for all materials. In the compound D, the 

PS value increased dramatically after transition over -10 K of the reduced temperature. 

Then the PS started to increase gradually reaching to 76±2 nC/cm
2
 at reduced 

temperature -50 K. While in the material E, the PS value is the highest value among the 

materials. The values increased dramatically after the transition over -8 K and then 

increased rapidly to reach 171±3 nC/cm
2
 at reduced temperature -50 K. The PS  value of 

the material F was found to increase very rapidly over -5 K below the transition. After 

that, the PS increased slowly reaching 104±2 nC/cm
2
 at reduced temperature -50 K. 

Table (5.1) shows the maximum values of the PS  of all materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2: The figure show the spontaneous polarization PS of the different 

materials D is referred as (■) and E as (●) and F as (▲). The huge 

difference in the PS is with respect to the discrepancy of the mesogens core. 
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The high PS value of the compound E is a consequence of the existence of two sulphur 

atoms in the mesogens core. These sulphur atoms increases the net dipole moment in 

the material due to its high electronegativity compared to the carbon atoms. Compound 

D has the lowest PS value because the existence of the two fluorine atoms which 

withdraw the electrons from the phenyl group which decreases the structure resonance 

in the core. That leads to a decrease in the net dipole moment of the material [8,9]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Compound D Compound E Compound F 

PS  (nC/cm
2
) 76 ± 2 171 ± 3 104 ± 2 

 

Table 5.1: The table is showing the saturated values of the spontaneous polarizations 

PS  at reduced temperature -50 K of the materials D, E and F. 
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5.3.2- The Field induced Transition Experimental Results: 

The field induced transition experiment was carried out by using the transmitted 

polarized light from the polarizing microscope that was detected by the photodiode. The 

photodiode is sensitive to any change in the intensity of polarized light that passes 

through the sample. When an external field is applied to the liquid crystal, the switch 

from one state to another state takes place in which these two states are stable at zero 

electric field E and the angle between them is twice tilt angle oθ2 , if there is a sufficient 

field for this switching. This method relies on the condition of alignment of liquid 

crystalline material in the cells. The material ought to be a very well aligned and in just 

one domain to avoid any ambiguity due to existence of many domains with different 

light intensities. Some possible ambiguities arise from observing of the optical textures 

as the overlap of two intermediate phases (3-layer and 4-layer phases). Thus, few other 

methods can be used as reported by Marcerou et al. [10], using induced tilt angle oθ , 

induced spontaneous polarization PS and dielectric measurements. 

 

5.3.2. A- The Pure Material D: 

Figure (5.3) shows how the field induced transition thresholds can be obtained from 

tracking the change in the intensity of the light transmitted via photodiode. At 80 
o
C, the 

phase at zero applied electric field is the 4-layer intermediate phase and the texture of 

the phase is shown in the photograph (1) with magnification ~ 100X and device 

thickness of 20 µm. When the field increased gradually, no change can be detected by 

photodiode up to 0.5 V/µm, then the first transition was detected at an electric field 0.6 

V/µm as shown in photograph (2). When the electric field is further increased the 

second transition could be detected at 0.9 V/µm from SmC
*
FI1.1 to SmC

*
FI1.2 phase and 

the corresponding texture change can be seen in photograph (3) at a field of 1.1 V/µm. 
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The final transition was from the SmC
*
FI1.2 phase to the SmC

*
 phase when the texture 

was completely changed and the light intensity was a maximum as seen in photograph 

(4) which is the field induced SmC
*
 phase [11].  

 

I- Fitting the PSE-T Phase Diagram for Material D: 

The field thresholds were measured from the transmission field graphs at each 

temperature in the intermediate phases (three-layer phase and four-layer phase). After 

that, the field thresholds were multiplied by the spontaneous polarization PS  to be fitted 

by the equations mentioned in the introduction. Finally from the data extracted from 

fitting, the coupling coefficient o∆  is obtained which represents the interaction force 

between the smectic layers of the intermediate phases, assumed to be independent of 

temperature. 

 

In figure (5.4), the force applied PSE to the smectic layers against the absolute 

temperature T in Kelvin to form a PSE-T phase diagram is shown. The force PSE leads 

to induce a phase change among these smectic layers and the consequence is 

rearrangement of the smectic layers then a field induced phase transitions take places. 

The interlayer interactions can be measured through determining the value of the 

coupling coefficient o∆  from fitting these transitions. There are four different field 

induced transitions in the intermediate phases (3-layer and 4-layer phases) and two 

transitions in the antiferroelectric phase. The red line represents the fitting equations 

mentioned previously. The stability of the induced 3-layer phase increased while the 4-

layer phase stability decreased after the T
* 

(synclinic-anticlinic transition temperature at 

which the o∆ change its sign) when the absolute temperature decreased (at cooling). 
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Fig. 5.3: The graphs show the thresholds measured from the change in the intensity, of the induced 

transitions starting from SmC
*
FI2 to SmC

*
FI1.1 then SmC

*
FI1.2 and finally to SmC

*
 phases at 80 

o
C. The 

photographs show the texture change at the thresholds of the material D. 
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The coupling coefficient o∆  is determined independently for each transition by the 

fitting its own equation. The coupling coefficient o∆  at the transition from SmC
*
FI2-

SmC
*
 was deduced from the fitting processes to be 19.1±1.4 (10N/K) and the intercept 

356.1±0.2 K as a best fit which is agree with the theoretical model intercept which 

should be the SmC
*
-SmC

*
FI2 phase transition temperature 355.9±0.3 K as is shown in 

figure (5.1).
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At the transition from the SmC
*
FI2-SmC

*
FI1 phase, a jump in the field induced threshold 

was observed. The reason for that may be a result of the variation of the distortion angle 

α between the 4-layer phase (SmC
*
FI2) and the 3-layer phase SmC

*
FI1. Both the 

theoretical models neglected this angle α which in the SmC
*
FI1 phase is higher than in 

Fig. 5.4: The phase diagram PsE-T of material D in a 20 µm device is shown. 

The red lines are the fits to equations (2.39-42) to deduce the coupling coefficient 

o∆  which is interlayer interaction independent on temperature (N/K). 
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the SmC
*
FI2 phase. [12,13]. Beside that, the free energy in 3-layer phase is different 

from that free energy of the 4-layer phase due to the different layer structure as given in 

the equation (2.39-42). The gradient in the transition of the SmC
*
FI1.1-SmC

*
FI1.2 phase 

increased after the observed jump as shown in the table (5.2) as part two. However, the 

corresponding intercept are successfully agree with intercept predicted by both 

theoretical models which equal 355.2±0.8 K and is the same if error is accounted i.e. 

there is no any significant change of the intercepts of two the parts of the SmC
*
FI1.1-

SmC
*
FI1.2 field induced transition. It is observed an increase in the value of coupling 

coefficient o∆  in the SmC
*
FI1.1-SmC

*
FI1.2 phase transitions after observed jump. On the 

other hand, the SmC
*
FI1.2-SmC

*
 phase transition have the same coupling coefficient o∆  

before and after the observed jump in the SmC
*
FI1.2-SmC

*
 transition with the almost the 

same gradient if error is considered. The intercepts seems to be close to the theoretical 

intercept (355.2±0.8 K) if their errors are taken into account also as shown in table 

(5.2). Thus, the part two rows in table (5.2) represents the phase transition in both 

SmC
*
FI1.2-SmC

*
 and SmC

*
FI1.1-SmC

*
FI1.2 phase transitions after jump and are almost the 

same so that it seems parallel to each other as is shown in figure (5.4).  

 

It can be noted that the actual induced transition SmC
*
FI2-SmC

*
FI1.1 phase deviates the 

actual transition SmC
*
FI2-SmC

*
 phase before the jump. While the both transitions 

according to the theory should have identical gradients with a change in the sign.  If the 

point after jump at the transition from SmC
*
FI2-SmC

*
FI1 phase included, the 10 

multiplies of gradient of the both fitted lines becomes 19.1±1.4 (10N/K)  as same as the 

predicted value by the theory i.e. equal to each other with different sign as shown in 

both figure (5.5) and table (5.2). 
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*
) 

Intercept 

(K) 

Theoretical 

Intercept  

(K) 

o∆  

(10N/K) 

(SmC
*
FI2-

SmC
*
FI1.1) 

Intercept 

(K) 

 

Theoretical 

Intercept 

 (K) 

o∆  

(10N/K) 

(SmC
*
FI1.1- 

SmC
*
FI1.2) 

Intercept 

(K) 

 

Theoretical 

Intercept 

(K) 

o∆  

(10N/K) 

(SmC
*
FI1.2-

SmC
*
) 

Intercept 

(K) 

Theoretical 

Intercept  

(K) 

Material D 19.1±1.4 356.1±0.2 355.9±0.3 13.5±1.9 351.8±0.3 

353.1±0.2 

9.9±0.4 355.7±0.3 

355.2±0.8 

11.8±0.6 355.7±0.2 

355.2±0.8 

Part Two 

after 

observed 

jump 

 19.2±0.9 351±0.3 11.6±0.4 355.8±0.2 11.4±0.5 356.3±0.3 

Gradient 

(10N/K) 
- 19.1 ± 1.4 13.5 ± 1.9 - 19.7 ± 0.8 - 23.6 ± 1.2 

Part Two 

after 

observed 

jump 

 19.2 ± 0.9 - 23.2 ± 0.8 - 22.8 ± 1.0 

 

Table 5.2: The coupling coefficient o∆  values of the induced transitions of the intermediate phases, the intercepts and gradients of the straight fit 

lines are presented. The value of two parts of both the induced SmC
*
FI1.1-SmC

*
FI1.2 phase transition and SmC

*
FI1.2-SmC

*
phase transition were 

included. The blue colour values refer to the intercept, gradient of the fit and the coupling coefficient o∆  values, if the point at the SmC
*
FI2-SmC

*
FI1 

phase transition is included at the observed jump. 
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Thus, the o∆ value as in table (5.2) would be 13.5±1.9 (10N/K) if the point was not 

included in the fitting process and the corresponding intercept would be 351.0±0.3 K 

which also not close to the theoretical intercept (353.1±0.2 K) but it still the best fitted 

value.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the table (5.2) we can observe that the coupling coefficient o∆  value which 

represent to the interlayer forces between smectic layers, of the SmC
*
FI2-SmC

*
 phase 

transition is the highest value 19.1±1.4 (10N/K). Then, the coupling coefficient o∆  

values decreased in the other transitions. The reason for that is the forces needed to 

Fig. 5.5: The phase diagram PsE-T of the material D in a 20 µm device is shown. 

The red lines present the fits to equations (2.39-42) to deduce the coupling 

coefficient o∆ . Including the point at the SmC
*
FI2-SmC

*
FI1 transition is shown to let 

the SmC
*
FI2-SmC

*
FI1.1 phase transition gradient as predicted by theory. 
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change the 4-layer phase structure to be as similar as to layer structure of the SmC
*
 

phase is higher than forces needed to change 4-layer structure to be as 3-layer structure 

then to SmC
*
 phase structure.  

 

The final transition which is included for this material only to check it with the theory is 

SmC
*
A-SmC

*
FI1 induced phase transition and then to SmC

* 
phase. The equation used in 

fit this transition is equation (2.42). The coupling coefficient value was 19.9±1.2 

(10N/K) which is even higher than SmC
*
FI2-SmC

*
 induced phase transition. The 

intercept of the antiferroelectric phase transition is 351.4±0.2 K as which coincides 

exactly as predicted by the model to be the SmC
*
FI1-SmC

*
A phase transition temperature 

as shown in figure (5.1). The gradient of the antiferroelectric transition is -39.7±2.4 

(10N/K) and agrees with the theoretical model, but is deviated on the same gradient of 

the both transitions SmC
*
FI1.1-SmC

*
FI1.2 and SmC

*
FI1.2-SmC

* 
phase transitions. 

 

To sum up our findings, it can be found that: 

• The both field induced transitions SmC
*
FI2-SmC

*
 and SmC

*
FI2-SmC

*
FI1.1

 
phase 

show agreement with theoretical model in the gradient and but intercepts 

deviated in the induced SmC
*
FI2-SmC

*
FI1.1

 
transition if transition point included 

for the material D. 

 

• Although, there is a jump in the field threshold at the SmC
*
FI2-SmC

*
FI1.1 phase at 

zero field, the coupling coefficient o∆  and the intercepts of both part are close to 

be same. While, the transition SmC
*
FI1.1-SmC

*
FI1.2 the coupling coefficient 

deviate but the intercepts are the same. 
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5.3.2. B- The Pure Material E: 

Figure (5.6) shows the field induced transitions are detected by measuring the 

transmitted light as a function of applied. At 81 
o
C, the phase at zero applied electric 

field is the 4-layer intermediate phase and the texture of the phase is shown in the 

photograph (1) with magnification ~ 200X and device thickness of 25.5 µm. When the 

field is increased gradually, the first transition can be detected by photodiode at 0.15 

V/µm The photograph of the second transition can be seen in photo (2) from SmC
*
FI1.1 

to SmC
*
FI1.2 phase induced transition and was detected by photodiode as seen the 

change of the intensity was observed when new induced phase. When electric field 

increased to 0.59 V/µm the third transition can be detected as shown in photograph (3). 

The induced transition was from the SmC
*
FI1.2 (green area) to the SmC

*
 phase (yellow 

as in picture (3). When the electric field continued its increase to 0.82 V/µm the field 

induced SmC
*
 phase (yellow area) is growing to cover all electroded area of the device 

and the corresponding texture change can be seen in photograph (4).  
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0.00V/µm (1) 

(2) 0.27V/µm 

(3) 0.59V/µm 

(4) 1.12V/µm 

Fig. 5.6: The graphs show the transmitted light intensity variations with applying 

external electric field. The field thresholds of the induced transitions of SmC
*
FI2 to 

SmC
*
FI1.1 then SmC

*
FI1.2 and finally to SmC

*
 phases were measured at 81 

o
C. The 

photographs show texture and the intensity change at the thresholds of the material E. 
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