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Preface 

Organic rod like molecules forming liquid crystalline phases often carry permanent electric 
dipole moments. Therefore one may expect ferroelectric properties in these liquid crys- 
talline phases. However, in most of the liquid crystalline phases, the symmetry is high 
and the molecules have a free rotation about their long axes and have an apolar distribu- t 

tion function of their long axes. As such, the phases are not ferroelectric. On the other 
hand if the molecules are chiral (1;. e., noncentrosymmetric) , the symmet~y of the resulting 
liquid crystalline phases, usually den0 ted by an asterisk, can get considerably reduced. A 
variety of phases consisting of chiral molecules have been discovered and studies on these 
phases form an active field of research. Meyer et  al. [I] first demonstrated in 1975 that the 
symmetry of the layers in the chiral smectic-C (SrnC*) liquid crystals allows them to be 
polarized in the plane of the layers. Thus SmC* liquid crystals constitute the first known 
example of a ferroelectric medium with liquid like order. Because of the linear coupling 
of an external electric field with the spontaneous polarization, which in turn is colipled to 
the tilt order of molecules within the layers, these materials have potential applications 
in display devices. A large number of compounds exhibiting the SmC* phase have been 
synthesized and their properties are now well established. 

In 1989 Chandani etak. [2, 31 discovered antiferroelectric properties in the lower 
temperature chiral tilted smectic phase of the compound MHPOBC. Further detailed 
studies reveal that this novel compound exhibits a rich variety of phases apart from the 
ferroelectric SmC; and antiferroelectric SmC; phases. The phase sequence exhibited by 
MHPOBC wit,h decreasing temperature is: 

Isotropic - SrnA - SmCz - SrnC; - SmC; - SniCL - SmIl - Crystal. 

where SrnA rcpresents the smectic-A phase. In all the lower temperature chirml smectic-C 
phases, the average orientation direction of the molecules (the director A) is tilted with 
rcspect to the layer normal and 7i, has spontaneous hclicoidal structure along the layer 
normal. The SmCz is identified to be the usual ferroelectric SrnC* phase. In the SmCi,  
the tilt directions of the director ii in successive layers are almost opposite and hence 
the polarizations, giving rise to the antiferroelectric properties of this phase. Though 
the structures of the SmC; and SmC: phases are known [4, 51, those of the SmC; and 
SmC; phases are not yet clearly established. From the polarization measurements, SmC; 
phase is characterized as ferrielectric in nature as its polarization is less than that of the 
fcrroelectric SmC; phase. The SmCk phase appears just below the stability range of the 
SmA phase and has a srnall tilt angle [6] and a very short pitch [7]. SmIi  represents a 
liexatic smectic-I* phase which also has antiferroelectric order. More than 300 compounds 



are now known to exhibit the antiferroelectric SmC; phase and the properties of these 
antiferroelectric liquid crystals (AFLC) are being studied in detail in several laboratories. 

We started our investigations on AFLC to detect experimentally the subtle phase 
transitions exhibited by these compounds. As the medium is polarized, dielectric mea- 
surements have been extensively used to study the phase transitions in these compounds. 
The electroclinic effect in which an external electric field induces a tilt in the SmA phase 
has been a very useful method of exploring the critical soft mode in the SmA phase close 
to the SmA-SmC* transition point. The electrooptic response in the lower temperature 
tilted phases can also be expected to yield very useful information about the structures 
and dynamics in these phases. We conducted electrooptic measurements for two different 

I geometries viz. homogeneous and homeotropic geometries of the sample. We found that 
all the transitions between the various sub-phases exhibited by these compounds could be 
very easily detected using this technique. We were able t,o measure an electrooptic effect, 
for the first time in the antiferroelectric and SmI; phases of a tolane compound. Wg have 
observed a new electrooptic mode which has a relatively high relaxation frequency (2 100 
kHz) in the antiferroelectric SmCI phase of the C8-tolane compound. We have argued 
that it can arise from the electroclinic soft mode which produces an asimrnetric tilt in 
successive layers of the antiferroelectric phases. 

Several other experimental studies using a variety of techniques have established the 
following facts: 

All the tilted phases have a helical structure and it is established by optical mea- 
surements that the sense of the helix is opposite in SmC; and SmC; phases [8]. 

All the transitions between different tilted phases are weekly first order in nature as 
determined by differential scanning calorimetry (DSC) with heats of transition - 1 
joule/rnole [9]. 

The stability of the SmCT, and ferrielectric phases is sensitive to the optical purity of 
the sample. The temperature ranges of stability of these phases decrease and finally 
go to zero when the compound is mixed with its opposite handed enantiomer [6]. 
The range of SnlCT, phase shrinks as the nonchiral chain length is increased [9]. 

The ferrielectric SmC; phase in several pure compounds consists of two ferri phases 
[9] whereas in some binary mixtures there are three sub-phases FIH, SmC; and FIL 
[GI. 

The ferrielectric phase has a rather turbid appearance with in-plane birefringence 
rendering optical measurements in this phase difficult [lo]. 

Studies on several ho~nologous series have shown a prominent odd-even effect in the 
phase trarlsitiorl temperatures between the SrnC; to SmC; as well as SmC; to SmC; 
phases [9]. 

A strong txansverse dipolar group attached close to the chiral center favours the for- 
tnation of the SrnCI phase. However, even racenlic mixtures with zero polarization 
[6] and achiral cornpounds [ll] also exhibit the anticlinic phase in which successive 
layers have opposite tilts. 



Switching current measurements reveal that the SmCL phase has ferrielectric char- 
acteristics at lower temperatures but antiferroelectric characteristics close to the 
SmA-SmC: transition temperature [12, 131. 

Measurements of the apparent tilt angle (the angle between the effective optical 
axis of the field distorted structure and the layer normal) on homogeneously aligned 
samples revealed that in the SmC; phase, there is a step like variation of the apparent . 
tilt angle as a function of an in-plane external static electric field [14]. This led to 
the speculation that there is a field induced devil's staircase in this phase. 

The variation of the apparent tilt angle with the applied dc electric field in the 
ferrielectric phase exhibits a plateau at one third of the tilt angle at intermediate 
fields [14]. 

The conoscopic figures obtained from thick homeotropically aligned samplgs also 
show distinct characteristic changes as a function of an in-plane external static elec- 
tric field in the ferrielectric [15] and SmCL [14] phases. In both of these phases the 
conoscopic figure of the uniaxial medium at zero field acquires biax'ial characteristics 
with the optic axial plane parallel to the electric field at intermediate fields which 
then switches to the orthogonal direction beyond a critical field [15, 141. 

Several models have been proposed to qualitatively describe the transitions between these 
phases. The above experimental observations, in particular the conoscopic and apparent 
tilt angle measurements have been interpreted to mean that the Ising type models are 
more appropriate for the description of these systems. However, no detailed calculations 
have been made to actually compare with the experimental observations. This motivated 
us to develop a theoretical model for this system. After taking into account all the physi- 
cal properties of these compounds and in particular their chirality which leads to helical 
structures, we developed a model which can be labeled as chiral Axial Next Nearest Neigh- 
bour X Y  or A N N N X Y  model to describe t,he various phase transitions exhibited by the 
antiferroelectric liquid crystals. However, we have not taken into account the transition 
to the hexatic SmI> phase occurring at lower temperatures in our theoretical model. To 
test the validity of the basic assumptions of our model, we then theoretically studied the 
various predictions on the physical properties with and without an external field based 
on our model and compared them with the relevant experimental observations on these 
systems. 

For AFLC consisting of straight rod like molecules, the chirality of the molecules 
play an important role for the tilted srnectic layers to be polarized in the plane of the 
layers. However, a polar symmetry of the rnedium does not require the molecules to 
be chiral. The necessary condition for a nledium to sustain electric polarization is that " 2  
it has a point symmetry lower than em,, which is the symmetry of a polar vector. 111 ' 
fact, recently another liquid crystalline system consisting of bent banana shaped achiral 
rnoleci~les has been found to exhibit smectic phases with transversely polarized layers and 
.helical structures. We found that our model developed for the AFLC system can easily 
be adapted to account for the various phases exhibited by this achiral system and their 
helical structures. 



For convenience of discussion, the work is not presented in the above mentioned 
chro~~ological order. We have first discussed our theoretical studies and the experimental 
investigations on AFLC which are not yet fully interpreted on the basis of our model are 
presented in the last chapter. 

In chapter 1, we have given a general introduction to some of the liquid crystalline 
phases which are relevant to the discussions in the later chapters. 

In chapter 2, we first discuss the various models proposed so far to qualitatively 
describe the different phases exhibited by AFLC and their shortcomings. The continuum 
nlodels [16, 171 first proposed for this system are based on a bilayer order. The experi- 
mental observations on the field induced structural changes in the ferrielectric SmC; and 
SmCL phases appear to indicate that the assumed bilayer order may not be valid in these 
phases. On the other hand, Axial Next Nearest Neighbour Ising or ANNNI model with " 

third neighbour interaction proposed [18, 191 for this system neglect the basic symmetry 
of the order parameter for a tilted smectic layer. We believe tha* the Ising models are 
inappropriate for the following reasons: 

1. From the conoscopic observations it is unequivocally established that all the tilted 
phases in the absence of field have helicoidal structures of f i  along the layer normal. 
The.assumption of the Ising character of the orientational order parameter within a 
layer is contrary to these helicoidal structures. 

2. It is well known from the theory of ferroelectric liquid crystal (which is also a sub- 
phase exhibited by AFLC) that the order parameter is a 2-d vector in the plane of 
the layers, thus indicating xy- rather than Ising- character of the order parameters. 

3. Both dielectric and electrooptic measurements detect modes with the relaxation 
frequencies typical of the Goldstone mode (involving the phase fluctuations of the 
orientational order parameters). This also indicates an xy-character of the orienta- 
tional order parameter in these phases. 

4. Further even if we assume the ANNNI description as valid, the phase diagrams pre- 
dicted by these models [20] exhibit a large range of stability of the antiferroelectric 
<22> structure as J1 varies from large positive values in the ferroelectric phase 
through zero to large negative values in the antiferroelectric phase. However, exper- 
imentally this phase is not found in most of the pure compounds and even if it is 
found in some binary mixtures, it has very short temperature range of stability [6]. 

5. The ellipsometric studies by Bahr et al. [6] have not found any evidence for the 
1:2 structure which is predicted by these Ising models to be the structure of the 
ferrielectric SmC; phase in the absence of a field. 

More seriously none of these models account for the SmCL phase. In order to overcome all 
the shortcomings of the models described above, we developed a discrete xy-type model. 

For molecules within a layer the anisotropic intermolecular dispersion interactions 
between the cores and end groups of the molecules as well as the packing considerations 
favour thern to be parallel to one another. This gives rise to a strong ferroelectric coupling 
between the tilted molecules lying within a layer. On the other hand, for nlolecules 



in different layers, the interactions are mainly through end groups of the molecules or 
some long range interactions and are expected to be relatively weak. Therefore, in our 
discrete model, we assume that the tilt order within the smectic layers arise due to intra- 
layer interactions and such tilted layers are coupled weakly through nearest neighbour 
(NN) and next nearest neighbour (NNN) interactions. As the layers are polarized, one 
might think that the coupling due to the polarizations may give rise to an antiferroelectric 
interaction between them. However, as pointed out by Bruinsma et al. [21] this interaction 
is zero in the limit of infinite area of the layers. The anisotropic dispersion interaction 
between the tilted molecules in adjacent layers favours them to be in a plane which is taken 
into account by introducing a two fold anisotropic term in the free energy expression in 
our model. Further, the anisotropic dispersion interaction between the end groups of 
the molecules favours an antiferroelectric configuration at lower temperatures but the  
translational entropy gain favours a ferroelectric configuration at higher temperatures. 
This has been taken into account by introducing a polar interaction between the layers with 
a temperature dependent coefficient. Bruinsma et al. [21] showed that the fluctuations of 
polarizations of the layers can give rise to a long range antiferroelectric iqteraction between 
the layers. To take into account this process in our model, We have introduced a competing 
antiferroelectric NNN interaction between the layers. From their analysis, we found that 
this term is expected to be independent of the tilt angle. In addition we have introduced 
the symmetry allowed chiral interactions between the layers. We have calculated the phase 
diagram predicted by our model in the appropriate parameter space. The most general 
phase sequence obtained is: SmA - SmCL - SmC; - FIH - FII - FIL - SmCi, where the 
symbol FI denotes the ferrielectric phase. Our model correctly takes into account the xy- 
character of the order parameter in the tilted smectic layers and for the first time is able 
to account for the entire sequence of phases exhibited by antiferroelectric liquid crystals. 
For racemic mixtures or achiral compounds the layers are not polarized and hence the 
NNN interaction between the layers is zero. In that case all the ferrielectric as well as the 
SmC; phases will be unstable as seen experimentally. 

A number of experiments using static and dynamic electric fields have been conducted 
on different AFLC systems to elucidate the structures of the different phases. To compare 
our theoretical predictions with these experiments, in chapter 3 we have calculated the 
effect of an external electric field on structures of the different phases. We found that due 
to the the competition between the inter layer interactions and the field energy various 
new commensurate structures are stabilized in the presence of a field. At low fields, all the 
helicoidal structures give rise to the usual soliton lattice structures. In the ferrielectric FII 
and FIL phases, at intermediate fields a three layer periodic 213 commensurate structure 
[22] (similar to the 1:2 structure) is stabilized. In the SmCz phase at intermediate fields a 
four-layer periodic 2/4 structure is stabilized. These field induced structures are essential 
for the interpretation of the various experimental observations. In this chapter, we also 
calculate an experimentally measurable quantity viz. the so called apparent tilt angle as 
a function of field in the various phases. We found good agreement between experimental 
and theoretical results. In particular, as mentioned earlier, the plateau at one third of the 
tilt angle in the variation of apparent tilt angle with field in the ferrielectric phase arises 
from the field induced 213 structure in this phase. 

In chapter 4, we have simulated the conoscopic figures which have been used to 



xii 

characterize the different phases particularly the ferrielectric phases. From the conoscopic 
observations in the ferrielectric phase it has been found that the optic axial plane is parallel 
to the electric field at intermediate fields. This observation has led to the mistaken view 
in the literature that the xy-type model is not relevant to AFLC. However, we have shown 
that our xy-type model gives rise to the conoscopic figures which agree extremely well 
with the experimental observations thus contradicting the above view. In the ferrielectric 
and the SmCT, phases, at intermediate fields, the conoscopic figures with optic axial plane 
parallel to the field arise from the field induced 213 and 214 commensurate structures 
stabilized in the respective phases in our model. Another experimental technique which 
is found to be quite useful in elucidating the structures of the various phases is the el- 
lipsometric study on free-standing films. A number of experiments have been conducted 
by Bahr et al. [23, 241 on the AFLC system. Based on our model, we have also theoreti- . 
cally calculated the temperature variation of the ellipsometric parameters in the absence 
of a field and compared them with the experimental observations. Again we have found 
good agreement between the theoretical predictions and experimental observations. For 
the sake of completeness, we have also calculated the temperature variation of the optical 
rotatory power in the different phases. 

In chapter 5, we have shown that our ANNNXY model for AFLC can be adapted 
to describe the different phases exhibited by bent achiral molecules. Recently Niori et  al. 
[25, 261 have synthesized such compounds which exhibit smectic phases ,with transversely 
polarized layers. More interestingly, they found helical structures even in this achiral 
system. Our ANNNXY model accounts for the various phases and the helical structures. 
The helical structures arise in our model due to the competing interactions between the 
nearest and next nearest neighbour layers. Since the helical structures are stabilized by 
spontaneous breaking of the chiral symmetry, both left handed and right handed structures 
are equally probable. However, due to bent geometry of the molecules there are important 
differences between the sequence of phase transitions in this system and AFLC consisting 
of straight rod like molecules. 

In Chapter 6, we discuss the results of our electrooptic measurements. When we 
undertook these experiments there were only a few such measurements and in none of them 
the antiferroelectric phase was studied due to the small signal in this phase. However, in 
our experiments we were not only able to get reasonably good signals in the antiferro- 
electric phase but detected the transition to the lower temperature hexatic SmIl  phase 
which is also antiferroelectric in nature. Our frequency dependent measurements in the 
ferrielectric, antiferroelectric and SmIl phases show that there are two relaxation modes 
in these phases. We attribute the high frequency relaxation mode in the antiferroelectric 
phase to an anti-phase soft mode which can be easily excited by an electric field in this 
phase. 

The future possibilities based on our model presented in this thesis include calculations 
on the dynamics and the effect of bounding surfaces on the various phases exhibited by 
AFLC. To summarize 

Our electroptic measurements are able to detect all the transitions between the sub- 
phases exhibited by antiferroelectric liquid crystals. 

We found an anti-phase soft mode in the antiferroelectric SmC2 phase with relax- 



ation frequency 100 kHz. 

We have developed a chiral ANNNXY model for AFLC which takes into account 
the correct symmetry of order parameters in these chiral smectic-C liquid crystals. 

Based on this model, we have calculated the phase diagrams in the appropriate 
parameter space which for the first time account for all the sub-phases exhibited by 
AFLC. 

We have studied the influence of a static electric field on the structures of these 
phases. The field induces new commensurate structures in addition to the usual 
soliton lattice structures. The variations of the calculated apparent tilt angle with 
field agree well with the experimental results in different phases. 

We have simulated the conoscopic figures corresponding to these field free and field 
induced structures. Simulated conoscopic figures agree extremely well with the ex- 
periments. Thus the speculation that the xy-model cannot explain the conoscopic 
figures is incorrect. 

Our simple niinded calculations of the temperature variation of ellipsornetric param- 
eters exhibit the basic features of the experimental results. 

We have also calculated the temperature variation of the optical rotat,ory power for 
this system. 

We have adapted the above model to describe the lielielectric transversely polar- 
ized smectic phases which were recently discovered in compounds consisting of bent 
banana shaped uchiral molecules. 

The followirig papers contain the works reported in this thesis: 

1. S. Sarala, Arun Roy, N. V. madhusuda~ia, H. T .  Nguyen, C. Destrade arid P. Cluzeau, 
"Electrooptic Soft Mode Response of Compounds Exhibiting the Antiferroelectric 
Phase", Mol. Cryst. Liq. Cryst., 261, 1, 1995. 

2. Arun R.oy and N. V. Madhusudana, L'A Simple Model for Phase Transitions in 
Antiferroelectric Liquid Crystals", Europhys. Lett., 36, 221, 1996. 

3. Arun R.oy and N. V. Madhusudana, "Electric Field Induced Structural Transitions 
in Aritiferroelectric Liquid Crystals", submitted to Europhys. Lett. 

4. Anln R.oy and N. V. Madhusudana, "An ANNNXY Model for Transversely Polarized 
Non-chiral Srnectic Liquid Crystals", to be published in Europh,ys. Lett. in press. 

5. Arun R.oy and N. V. Madhusudana, "A chiral ANNNXY Model for A~ltiferroelectric 
Liquid Crystals", to be published. 



Chapter 1 

Introduction 

1.1 Liquid Crystals 

The solid, liquid and gaseous phases of matter are manifestations of different arrangements 
or spatial distributions of the constituent molecules. When the molec~xles are spherical 
in shape and the molecular properties are isotropic, the interactions between them will 
also be isotropic. Therefore, in the phases exhibited by such molecules, one can talk of 
only the positional order of the centers of mass of the molecules. On the other hand if 
the shape of the molecules are sufficiently anisotropic, the phases can be characterized 
by positional as well as orientational order. Thus in a crystalline phase made of such 
anisotropic molecules, there is a long range positional order of the centers of mass of the 
rnolecules as well as a long range orientational order of the principal axes of the molecules. 
When such a crystalline solid is heated it is not necessary that the break down of these 
two types of order should occur at the same temperature. Thus, depending on which order 
breaks down first there are two possibilities: 

Plastic crystals: In this case the long range orientational order is broken but the posi- 
tional order still remains long range. Thus the molecules rotate relatively freely at 
their respective lattice sites. 

Liquid Crystals: In this case the orientational order of the molecules remains long range 
but the long range positional order of the centers of the molecules is either completely 
or partially lost. 

The liquid crystalline or nlesonlorpllic behaviour was discovered long ago in some com- 
pounds consisting of long rod-like organic rnolecules between their low temperature crys- 
talline phase and the higher temperature isotropic phase. In the recent past, due to 
their potential applications in display devices, a large number of mesomorphic compounds 
has been synthesized and a rich variety of liquid crystalline phases have been discovered 
[27, 281. The compounds which exhibit such mesomorphic properties as a function of 
temperature are thermotropic in nature. Interestingly, it is found that many surfactant 
rnolecules when dissolved in some suitable solvent also exhibit liquid crystalline properties 
as a function of concentration. This class belongs to lyotropic liquid crystals. In this 
thesis, we will be interested only in thermotropic liquid crystals. 
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22.5 C 34 C 
Solid t--, N - Isotropic 

54 C 67 C 79.5 C 
Solid - SmA - N +--+ Isotropic 

36 C 38.4 C 42.4 C 50 C 
Solid - SmG - SmF - SmB - SmC 

51.8 C 

72.8 C 60.3 C 1 
Isotropic - N - SmA 

Fig. 1.1: The structural formulae of some of the liquid crystalline compounds and the 
phase sequences exhibited by them. 

Tlle molecular structures of some of the thermotropic liquid crystalline compounds 
and the phase sequences exhibited by them are shown in Fig. 1.1. Generally these rod-like 
molecules have a rigid corc consisting of benzene or cyclohexane rings arid two relatively 
flexible aliphatic chains at, the ends. Further, these rrlolecules car1 be either chiral or 
achiral as discussed below. 

1.1.1 C hiral molecules 

In general a rnolecule is said to be chiral when its mirror image can not be superimposed 
onto itself by any operation of translation or rotation. In other words the symmetry group 
of the molecule does not contain any mirror plane. In addition to the conforma,tional 
chirality which may arise from the conformation or the shape of the molecule, an organic 
rnolecule is ~ ~ s u a l l y  chiral when it, contains one or more chiral carbon atoms. A carbon 
atom in tllc organic nlolecule becornes chimi when all th,e four groups bonded to it in the 
tetrahedral strlicture arc different, otherwise it is uchiral. There are many conventions in 
the stereocherrlistry literature to distinguish the spatial configuration about each chiral 
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Fig. 1.2: Schematic representation of thd spatial configurations of the (R)- and (S)- 
enantiomers. 

carbon atom. In one convention [29], the configurational designation of a chiral carbon 
atom is obtained by first determining the relationship of the group priorities based on 
atomic number and certain conversion rule (The Cahn-Ingold-Prelog system). Once the 
order of the groups is determined, the moleclile is held so that the lowest priority group 
in the sequence is pointed away from the viewer. Then if the other groups, in the order 
list, are oriented clockwise, the molecule is designated as R (rectus, right), and if anti- 
clockwise, S (sinister, left). This is illustrated in Fig. 1.2 for the groups (E, F, G ,  H) in 
decreasing priority attached to the central carbon atom C. 

1.1.2 Achiral molecules 

A molecule is achiral when the symmetry group of the molecule contains at least one plane 
of symmetry. In the absence of conformational chirality, an organic molecule is achiral 
when all the carbon atoms in it are achiral. However, it should be mentioned here that 
the presence of chiral carbon atoms in the molecule does not necessarily imply that the 
rnolecule is chiral. An even number of chiral carbon atoms present in the molecule may 
cancel chiral effects of each other to make the molecule as a whole achiral. 

1.2 Nematics 

The most common and simplest liquid crystalline phase exhibited by these long anisotropic 
organic molecules is the nematic phase. In this phase there is no long range positional order 
between the centers of mass of the molecules but the long axes of the rod-like molecules are 
on average oriented along a common direction. In other words the positional distribution 
function of the centers of mass of the molecules is spatially uniform but the orientational 
distribution of the axes of the molecules is anisotropic. Depending on the chirality of 
the constituent molecules, one obtains two types of phases with the above characteristic 
distributions vix. the nematic phase when the molecliles are achiral and the cholesteric 
phase when the molecules are chiral. We will briefly describe below these two phases. 
A detailed discussion of the properties of these phases can be found in the book by de 
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Fig. 1.3: Schematic representation of the arrangement of rod like molecules in the (a) 
isotropic and (b) nematic phases. 

Gerines [27]. 

1.2.1 Nematic phase ( N )  

A schematic representation of the orientational order in a nematic liquid crystal is shown 
in Fig. 1.3b. In this phase the rod-like achiral molecules are on average aligned with their 
long axes parallel to each other and the orientational order is uniform in space i11 an ideal 
sample. The correlation between the centers of mass of the molecules is similar to t,hat in 
conventional liquids, apart from the anisotropy in the correlation length. Thus nematics 
flow like liquids though the flow is relatively viscous. To describe the local direction of 
alignment of the molecules, one usually defines a unit vector f i ,  called the director, which 
gives at each point in the sample the direction of the preferred axis of orientation. The 
states described by A and -A are indistinguishable even if the constituent molecules are 
polar and hence A is apolar (i.e., A +, -A symmetric) in nature. Optically this medium 
is uniaxial positive with the largest principal refractive index along fi, and having the 
macroscopic point symmetry DWh. Thus nematic liquid crystals are birefringent and this 
property is exploited in display devices. 

In order to define a nematic order parameter, following De Jeu [30], let us make the 
simplifying assumption that the molecules are rigid rods. To define the local orientation 
of the long axes of the molecules at a point r'= (x, 11, z) we attach to the rod a unit vector 
2, along the long axis. Now consider the thermal averages of the relevant tensors that are 
composed of ir., over a small but macroscopic volunie around F. The first choice is a vector 
order parameter < 6, >, where the angular brackets denote the ensemble avera,ge. This is 
arlalogous to the magnetization in a ferromagnet. However, a nonzero value of this order 
parametcr would violate the equivalence of ri and -A. It would describe a polar nematic 
phase that has not yet been observed. 

The next choice as order parameter is a second rank tensor S, the elements of which 
are given by 

1 
Sap=<ar,a,p>--Sap, a , p = x , y , z .  

3 cy, 
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Note that the addition of the Kronecker delta ensures that Sap is zero in the isotropic 
phase where < a: >= 113. The tensor order parameter S is symmetric and traceless and 
thus has in general five independent elements. By choosing a suitable coordinate system 
(principal coordinate system) such a tensor can always be brought to a diagonal form. 
For the uniaxial case, denoting the average direction of alignment of the molecules by the 
director fi, the most general form of the order parameter field in the nematic phase is 
given by 

1 
Sap(r3 = S(na(i)np(fl- i6ap), (1.2) 

where the scalar S is a measure of the degree of alignment of the long axes of the molecules 
along A(?) and the expression in the parenthesis takes care of the spatial variation of h(fl 
from point to point. In a well aligned nematic, fi is independent of r'. 

If the compound exhibiting the nematic phase is doped with a chiral dopant or the 
molecules themselves are chiral, the nematic phase in general is not thermodynamically 
stable. The stable thermodynamic phase one obtains in this case is the cholesteric phase 
(N*). Locally this phase is like the nematic phase. However, because of the inherent chi- 
rality of the medium, the director fi is no longer constant in space but forms a helical super 
structure. If the helix axis is taken to be along the z-axis, the equilibrium configuration 
of the director fi in this phase can be written as 

where p is the temperature dependent equilibrium pitch. A schematic representation of 
tlie structure of the cholesteric phase is shown in Fig. 1.4. Due to the equivalence of fi and 
-fi, the repeat distance or the physical periodicity in this phase is defined as the distance 
along the helical axis over which ?A turns by T which is p/2. The inherent chirality of the 
constituent molecules forbids the medium to have a plane of symmetry and the medium 
is characterized by the point symmetry D,. 

1.3 Smectics 

In smectic phases in addition to the orientational order of the long axes of the molecules 
there is a one dimensional quasi-long range positional order of the centers of mass of 
tlie molecules. This one dimensional periodic modulation of the density (taken along the 
z-axis) can be described in a Fourier series 

00 

f ( z )  = a, cos(2mz/d), n integer, 
n=O 

where the coefficients a,  are determined by averaging the relevant cosine-functions over 
the positional distribution function f (2). R.estricting the expansion to the first harmonic 
only, one arrives at the smectic order parameter 

p = f (x) cos(2.~rz/d)dx =< cos(27rz/d) > . J (1.5) 



CHAPTER 1 

Fig. 1.4: Schematic representation of the helical structure of the dir%ctor f i  in the 
cholesteric phase consisting of chiral molecules. Though ii is represented by an arrow 
in the figure, it is actually apolar in nature. 

Srnectic liquid crystals are described as a stacking of fluid layers. However, as the density 
modulation is only one dimensional, the thermal fluctuations of the layers are subjected 
to the Landau-Pierls instability according to which the thermal fluctuations of the layers 
diverge logarithmically with the sample size. As such, it is quite adequate to take only the 
first harmonic in the Fourier expansion given by Eq. 1.4. Depending on the orier~t~ation 
of the nematic director f i  with respect to the wave vector of the one dimensional density 
modulation, smectic liquid crystalline phases can be of the following types: 

1.3.1 Smectic Aphase (SrnA) 

In the smectic A or SmA phase, the one dimensional density modulation is along the 
director A. Therefore, roughly speaking the SmA phase consists of a stack of fluid layers 
in which the director ii is parallel to the layer normal. The layer thickness is approximately 
equal to the length of the molecules as shown in Fig. 1.5a. The medium is positive uniaxial 
with the point symmetry Dmh which is the same as that of nematic. The additional space 
symmetry is the discrete translational one viz. T I .  

1.3.2 Smectic C phase (SmC) 

Tlie charactcristic property that distinguishes the SmC from the SmA phase is that in the 
former the director f i  is tilted with respect to the layer normal. The scliematic representa- 
tion of the SmC type of order is sketched in Fig. 1.5b. Firstly within a layer ii is uniformly 
tilted by an angle 8 with respect to the layer normal. Secondly the tilt directions of the 
various laycrs are correlated. Thus the tilted orientational order can be described by a 
two diniensional vector viz. the so called c-director Z which is the projection of 7i on the 
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Fig. 1.5: Schematic representation of the order of rod like molecules in the (a) smectic A 
(SrnA) and (b) smectic C (SmC) liquid crystals. 

layer plane. The correlation of the tilt directions of different layers implies that c'must 
be uniform over macroscopic distances. Clearly the SmC phase is still A t) -A symmet- 
ric. However such a symmetry operation does not hold for the c-director. The states 
described by Zand -c'are not equivalent and hence c'is a 2-d polar vector. The tilted 
structure in SmC introduces biaxiality within the layers and SmC is optically biaxial with 
point symmetry Czh: Due to the tilted orientation of the director A, the layer thickness 
d = 1 cos 0, where 1 is the length of the molecules. In general the tilt angle 0 varies with 
temperature and depending on the nature of the higher temperature phase there are two 
broad classes of SmC materials. The majority form the SmC phase by cooling from the 
SmA phase through a second order transition and show a tilt angle which increases from 0" 
as the temperature is decreased from the SmA-SmC transition temperature. However, in 
some compounds the SmC phase appears by a first order phase transition as the sample is 
cooled from either nematic or isotropic phase. In this case the layers with tilted molecules 
have to appear directly at the transition, which makes the transition usually first order in 
nature and the tilt angle is usually large and practically independent of temperature. 

1.3.3 Chiral smectic C phase (SmC*) 

In t lx  layer level, the only fundamental difference between the SrnC and SrnC* phases 
is that the layers in the SmC* phase lack the rnirror plane symmetry. Thus, the SmC* 
phase can be obtained in several ways - for instance, by synthesizirig a chiral variant of 
a molecule which is known for its stable SmC phase, or by doping a SmC liquid crystal 
with any chiral compound soluble in it: symbolically, SmC + * -+ SmC*. 

As in the SmC phase, the director A is tilted with respect to the layer normal. In each 
layer the c-director is uniform. However, unlike in the SmC phase, due to the inherent 
chirality of the medium, Z forms an uniform helical structure along the layer normal. A 
schematic representation of the structure of the SmC* phase is shown in Fig. 1.6. The 
chirality of the molecules removes the mirror plane from the symmetry group Czh of the 
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Fig. 1.6: Schematic representation of the structure i11 the ferroelectric SmC* phase. The 
arrows indicate the projection of the director ii on the smectic layers (Z-director) which 
has a helical structure along the layer normal. Note that the angle between the c' vectors 
in successive layers (which is usually - 1-2") has been highly exaggerated for clarity. 
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SmC phase and the local point symmetry of the SmC* layer is Cz. With a profound insight 
Meyer e t  al. [I] first demonstrated that this lower symmetry of the SmC* layers allows 
them to be transversely polarized along the Cz axis and hence SmC* is also referred to as a 
ferroelectric liquid crystal. However, because of the helical precession of the director fi and 
thus the polarization about the layer normal, a more correct denomination is helielectric 
liquid crystal. Unlike the cholesteric phase, as c'and -;are not eqiiivalent in this case, 
the physical periodicity is the distance over which c' turns by 27r i. e., the full pitch p. 
Since the layer polarization is associated with a tilt of the director fi, SmC* liquid crystals 
have potential application in display devices. This has led to synthesis of a large number 
of compounds exhibiting the SmC* phase. The structure and properties of this liquid 
crystalline phase have been studied in great detail (see the book by Goodby e t  al. [31] for 
a review). 

1.3.4 Chiral smectic C antiferroelectric liquid crys.tals 

In addition to the ferroelectric phase in the SmC* liquid crystals which is now quite well 
~iritlerstood, Chandani e t  al. [2] in 1989 discovered antiferroelectric prop6rties in the smec- 
tic phase exhibited by the compound MHPOBC. Since its discovery various experimental 
studies revealed that in addition to the aritiferroelectric (SmC)h) phase, this novel com- 
pound exhibits a variety of other phases. The phase sequence for the prototype compound 
MHPOBC with decreasing temperature is: 

Tlie SmCi phase in the so called bookshelf geometry exhibits bistable switching when a 
triangular wave voltage is applied across the cell and is identified with the usual ferroelec- 
tric SmC* phase discussed above. However, the lower temperature SmCi  phase in the 
same geometry exhibits a trilevel switching when the arriplitude of the triangular wave is 
sufficiently large and is characterized as antiferroelectric in nature. The structure of this 
antiferroelectric SmCI phase established by various experi~nental techniques [2, 3, 4, 51 is 
the following: 

The director f i  in this phase like in the SmC* phase is uniformly tilted with respect 
to the layer normal. However, unlike in SmC* phase, the difference in azimuthal angle of 
fit in successive layers is 7r + a. Tlie small angle a gives rise to a helical structure of fi 
along the layer normal and arises from the chirality of the constituent molecules. The sign 
of a is determined by the handedness of the enantiomer. Thus the equilibrium director 
corifiguration in this phase taking the layer normal along the z-axis is 

rlks = sin 6 cos(k$), 7tky = sin 6 sin(k$), nk2 = cos 6, (1.6) 

where q) = n + a and n,k,,rak:l,,nk, denote the Cartesian comporierits of the director 
il in the k-th layer. The tilt angle 6 is uniform and usually depends on temperature. 
As the polarization of the layer is along the C2 axis, it is clear that the polarization in 
sl~ccessive layers is nearly opposite giving rise to the antiferroelectric property. A schematic 
repre~entat~ion of the ordering of f i  in different layers is shown in Fig. 1.7. It should be 
pointed out that the smectic-0 phase discovered by Levellit et  al. [32] by x-ray studies on 
the compound MHTAC was later confirmed by Galerne et  al. [4] to be the antiferroelectric 



CHAPTER 1 

Fig. 1.7: Schematic represerltation of the strlictures in the antiferroelectric SmC: phase: 
(a) Bulk helical structure. The arrows indicate c' vectors within the layers which have 
a helical structure along the layer normal. Note that the angle between the c' vectors 
in successive layers is close to n. The deviation from n has been highly exaggerated for 
clarity in the diagram. (b) Unwound herringbone structure. P denotes the polarization of 
the of the layers. 
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SmCi  phase. Though the structure of SmC; phase is known, the structures of the SmC; 
phase as well as the SmCE phase are not yet clearly established. From the polarization 
measurements, SmC; phase is characterized as ferrielectric in nature as its polarization is 
less than that of the ferroelectric SmC; phase. The SmCTy phase appears just below the 

, stability range of the SmA phase and has a small tilt angle and a very short pitch. As the 
main part of this thesis work is based on studying the properties of these fascinating liquid 
crystalline phases, we will discuss their properties in detail in the following chapters. For 
a review of this subject reference may be made to Fukuda et al. [6]. 

Though antiferroelectric liquid crystals (AFLC) are known since 1989, the theoretical 
as well as the experimental understanding of this novel liquid crystalline system is not 
complete. On the experimental side, as mentioned above, the structure of the antiferro- 
electric (SmC;) phase is clearly known but despite a number of experimental attempts, 
tlie structures of the ferrielectric SmC; phase as well as the SmC:', phase are not yet 
clearly established. On the theoretical side, various phenomenological rnodels have been 
proposed to qualitatively describe the properties of some of the phases but none of the 
models proposed so far is able to account for all the phases exhibited by this system and 
further the inherent assumptions of the rnodels are quite unsatisfactory. '1n Chapter 2 we 
will describe a model developed by us to accolirlt for the entire sequence of phases for 
the first time. Our model correctly takes into account the basic syrnrnetry of the smec- 
tic layers and can be labeled as a chiral Axial Next Nearest Neiglhho~ir X Y  (ANNNXY) 
  nod el. In chapter 2 we will also describe the structures of the different phases and the 
phase diagrams predicted by our model and compare them with the experimental results 
and other relevant models. 

As we have mentioned above, a number of experiments have been conducted on this 
systern to elucidate the structures of the different phases. Since the medium is polarized, 
the experiments often involve applying a static or dynamic electric field to stndy the 
resulting changes in the structures of the different phases. In rnost of the experiments, the 
changes in the structure are usually probed using polarized light. In Chapter 3 we have 
studied the influence of an externally applied static electric field on the structures of the 
different phases predicted by our model. We find that new commensurate structures are 
stabilized by the field which originate from the competing interactions between the layers 
arid the field energy. We also calculate an experimentally measurable quantity viz. the so 
called "apparent tilt angle" to compare our results with the experimental observations. 

Among the various optical measurements made on this system, two measurements 
71ix. conoscopic and ellipsometric studies are found to be quite useful in elucidating the 
structures of the different phases. Therefore, in Chapter 4, we have simulated the cono- 
scopic figures corresponding to the field free arid field induced structures predicted by our 
rriotlel in tlie different phases. We have also calculated the ellipsornetric parameters and 
optical rotatory power in tlie different phases to compare with the experimental observa- 
tions. We find that the theoretical predictions agree reasonably well with the experimental 
observations. This implies that the basic ingredients of our model are quite appropriate 
for the description of the structures exhibited by antiferroelectric liquid crystals. 

We have also made some electrooptic nieasurements on this systern. In fact we started 
our investigations on the AFLC compounds experimentally to characterize the different 
phases by electrooptic measurements. We fourid that these measuremerits could be used 



12 CHAPTER 1 

to detect the different transitions. At that stage, we found that there was no satisfactory 
theory to  account for all the phases seen experimentally. This motivated us to develop 
the chiral ANNNXY model for this system which constitutes the major part of this thesis. 
However, for the interpretation of our electrooptic measurements, the appropriate dynam- 
ical equations based on our model taking into account the viscous and elastic properties 
of the phases have to be solved. We have not yet taken up this exercise. In Chapter 6 
we have discussed the experimental observations and the relaxation frequencies obtained 
from our electrooptic measurements. 

The AFLC system consisting of straight rod like molecules requires the latter to be 
chiral for the layers to be transversely polarized. However chirality of the molect~les is 
not an absolute necessity for the layers to be polarized. In fact, recently smectic liquid 
crystals consisting of achiral bent banana shaped molecules have been found to exhibit 
such transverse polarization. In Chapter 5 we will describe this systerri and show that our 
ANNNXY model can be adapted to describe the various phases exhibited by the banana 
shaped molecules. 
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