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PREFACE

Liquid crystals exhibit beautiful optical textures. These are an aglomeration of
topological defects. A study of such defects has become an active area of in-
vestigation in recent times, in view of their interesting structures and properties.
Further their study has lead to a better understanding of phase transitions in such
condensed matter systems.

A topological defect in an ordered phase is intimately related to its symmetry
elements. For example, an edge dislocation in a crystal is a permitted topological
defect that is consistent with its translational invariance. One can also consider
defects called disclinations, in crystals that are consistent with their rotational in-
variance. However, these defects would have prohibitively large energies. On the
other hand in liquid crystals, disclinations are associated with very small energies
and they exist on their own in these systems. In addition, since a liquid crystal is
both dielectrically and diamagnetically anisotropic, new defect states are permitted
in the presence of an external electric or magnetic field. Helfrich predicted one
such defect state. This is similar to the Bloch and Neel walls of the magnetic
systems. For instance, in a Nematic liquid crystal, the director which denotes the
average orientation of the molecules can either be parallel or anti-parallel in an ex-
ternal electric or magnetic field. A Hel frich Wall in a nematic liquid crystal is a
non-singular defect state connecting these two director orientations. These states
can be connected through a splay, bend or twist distortion in the director field.
then the wall is referred to as a splay wall, a bend wall or a twist wall respectively.
The director undergoes a rotation of 180° or w as we cross the Wall from one

uniform state to another. This distortion is confined to a narrow region in space



which corresponds to the width of the Wall. Incidentally, these structures have
come to be designated in liquid crystal literature as Planar Solitons. This thesis
reports some theoretical investigations on the structure, dynamics and optics of
solitons and soliton lattices in liquid crystals. The introductory chapter reviews the
structure and energetics of single soliton states. During these studies some new
heither to unrecognised, static soliton states were found to be permitted defects
in liguid crystals. Discussions on some of these are also included in this chapter.
A Cholesteric liquid crystal is characterised by a spontaneous rotation of the
director perpendicular to itself. This gives a lattice like periodicity to the structure
with a period called the pitch within which the director rotates through 360° or
27. It should be remembered that there is no density modulation occuring in the
system. A nematic state can be obtained from such a cholesteric liquid crystal
by the application of a magnetic field. We have undertaken a study of the struc-
ture and energetics of planar solitons in this nematic state. They are found to be
very different from their counterparts in ordinary nematics. This forms the subject

matter of the second chapter. Some new results obtained are:

It is well known that in a field perpendicular to the twist axis of a cholesteric
the structure goes over to an unwound state (nematic like) only above a
threshold field strength. In this nematic twist, anti-twist and bend solitons
are not only permitted states but they also connect the same uniform director
orientations. An anti-twist soliton which has a sense of twist opposite to that
of the cholesteric can become energetically favourable compared to the bend
soliton. Further in certain field regimes the bend soliton and an anti-twist
soliton can have comparable energies leading to the existence of a new type

of disclination line connecting these two solitons. Interestingly, in a hormal



nematic both these solutions are generally not permitted. This is because

the bend elastic constant for the director is always higher than the twist

elastic constant.

Generally, a cholesteric can also go over to a nematic state in a field parallel to
the twist axis. In such nematics a new giant soliton is found to be a permitted
defect state. The width of this twist soliton increases on decreasing the field
and its energy continuosly decreases and goes to zero at the critical field

Hc. The entire structure is then transformed into a cholesteric.

Unwinding of a cholesteric in a magnetic field is the most thoroughly studied of
chiral-achiral transitions in liquid crystals. Such field induced transitions between
other chiral-achiral liquid crystals is an important area of research. This has so
far only been studied in a limited number of situations. We consider this afresh in
some generality. Cholesteric and chiral smectic liquid crystals (a liquid crystal with
an one dimensional density modulation) can be doped with magnetic grains to
make ferrocholesteric and chiral ferrosmectic liquid crystals respectively. In these
systems, the magnetisation spirals about the twist axis. It may be pointed out that,
the term chiral or achiral refers to the presence or absence of a macroscopic twist
in a particular liquid crystal irrespective of the chirality occuring at the molecular
level. These studies reported in the third chapter, has lead to many interesting

results. Some of them are briefly presented here.

A ferrocholesteric in a magnetic field parallel to the twist axis, goes over,
on increasing the field, to an achiral state through a gradual tilt of the
director and becomes nematic like at a critical field. On decreasing the

field the transition reverts back to the chiral state. Interestingly, this reverse



transition takes place through a generation of non-singular disclinations. This
transition can even a have reentrant behaviour. Very similar transitions take
place in chiral ferrosmectics also. But here, the achiral to chiral transition is
mediated by singular disclinations. Further, the transition point is dependent

on the direction of the magnetic field.

The study of such transitions in these systems in crossed electric and magnetic

fields have also lead to important results.

A cholesteric in a crossed electric and magnetic field perpendicular to the
twist axis goes over to an achiral state through the formation of a twist
soliton lattice i.e., a periodic array of single 7 twist solitons. However, this
lattice on increase of electric or magnetic field goes over to an achiral state
aligned either along the magnetic field or perpendicular to it. On the other
hand a ferrocholesteric, in the same geometry goes over to the achiral state
through formation of a 27 twist soliton lattice. Further each such soliton
has a finer structure in the nature of a split soliton i.e., it is made up of
two solitons. This split is symmetrical in systems with positive diamagnetic

anisotropy and asymmetric in systems with negative diamagnetic anisotropy.

Field induced chiral-achiral transitions in ferrosmectics are equally interesting
in crossed fields but with the magnetic field along the twist axis and electric
field perpendicular to it. Again the achiral phase is reached through the
formation of a twist soliton lattice. One finds in this case a rich phase
diagram with many important features like the phenomena of reentrance,

tricritical and Lifshitz points.



The single solitons and soliton lattices considered till now, are all static structures.
A soliton can be made to move from one stable state to another if it connects
director orientations of different magnetic potential energy. It also moves when
the symmetry in potential energy is broken within the core of the soliton. This
can be effected by rotating the field in which we have the soliton. We consider
in the fourth chapter situations in which both factors viz., the core asymmetry
and the base state asymmetry are operational. The velocity of the soliton is de-
pendent, obviously, on the driving force which is propotional to the frequency of
rotation of the magnetic field. It is well established that this velocity diverges at
a certain value of the driving force. However a soliton which propagates from a
stable state to an unstable state has very different dynamical properties. Also such
a soliton is associated with an exponentially decaying periodic director distortions.
We call them as solitons with a tapered lattice. There are two kinds of tapered
lattices depending upon the director distortions. In a twist tapered lattice only a
twist distortion exists. On the other hand, a splay-bend distortion alone exists in a
splay —bend tapered lattice. In all such solitons one side is in a uniform state while
the other side has a oscillatory structure called the tapered lattice. Incidentally, a
twist tapered lattice can also be looked at as an alternate stack of right handedly
and left handedly twisted structures. The magnitude of the twist decreases as
we go down the lattice. In a similar fashion, the splay-bend tapered lattice can
be looked upon as an alternate stack of splay-rich and bend-rich regions. The
properties of these two kinds of tapered lattices are very different from those of
solitons which connect stable states. Another periodic structure which exhibits a
very different dynamics from that of a usual single soliton is a multi-soliton lattice.

This is made up of an array of single solitons.



The dynamics of tapered lattices and multisoliton lattices in nematics and fer-
ronematics form the subject matter of the fourth chapter. A few of the important

results obtained are given here.

It is well known that a soliton with a tapered lattice does not have a unique
velocity. There is a range of velocities for every value of the driving force.
Even in this range of velocities the tapered lattice structure of the soliton
will or will not exist depending upon the velocity. We find the velocity of
propagation of these solitons to be very different from that of single solitons.
In particular there is no velocity divergence. Further both the rotational
frequency and the strength of the field affect considerably the structure of

the tapered lattice.

In the case of multi-solitons have some unusual features are found. The
velocity is a single valued function of the rotational frequency. In this respect
it resembles single solitons connecting stable states. But unlike the case of
single solitons, the velocity does not diverge. It increases monotonically in
the beginning, reaches a maximum and then falls rapidly to zero at a critical
value of the driving force (rotational frequency). Interestingly, the period
of the multisoliton lattice diverges at very small values of the rotational
frequency. This appears to explain the experimental observation of Migler
and Meyer who find the spacing of a spiral lattice to diverge as the driving

force is decreased.

The structure of both solitons and soliton lattices can be studied using optics as
a tool. Due to their birefringence, liquid crystalline materials show rich optical

features. Optical properties have been worked out both in the reflection and in the



diffraction modes. In this context it might be stated that a Twist Grain Boundary
Smectics is rather structurally similar to a twist soliton lattice. In view of this
fact, its optical properties have also been studied. In chapter five, studies on these
defect lattices in the reflection mode have been presented. In the next chapter is
considered their diffraction properties. In the last chapter, the unusual effects that
can exist in defect lattices due to the presence of optical absorption are highlighted.

Some of the important results arrived at these optical studies are:

In the reflection mode there are multiple reflections for twist grain boundary
smectics, even at normal incidence. We not only get a strong reflection at a
wavelength corresponding to the optical period of the structure but also at
its harmonics. Some of these reflections are either right circularly polarised
or left circularly polarised while other reflections are polarisation insensitive.
However, in the band corresponding to the optical period, the handedness
of the strongly reflected circular state is seen to have same sense as that of
the structure.

In samples with finite thickness, there is a phase difference between the
transmitted right and left circularly polarised light, in bands where one of
these polarisations get strongly reflected. This leads to optical rotation. As
in cholesterics, this optical rotation is anomalous inside the band. That is,
it not only goes to very high values inside the band but also changes sign
within it.

Reflections at normal incidence from a twist tapered lattice also leads to
many reflection bands corresponding to harmonics of the fundamental pe-
riod. Since this structure can be looked upon as an alternate stack of right

and left handed structures, it is natural to expect every band to reflect both



right and left circular light. But these polarisations are reflected with unequal
intensities in bands which are even harmonics of the fundamental. Also in
these bands we get anomalous optical rotation. Another unusual property of
the tapered lattice is that the reflection coeffiecient of light traveling along
the twist axis in one direction is different from that traveling in the opposite
direction.

On the other hand, a splay-bend tapered lattice has strong reflection only
at even harmonics of the fundamental. Further these bands reflect only lin-
early polarised light which is polarised along the direction of uniform director
orientation. This structure also exhibits asymmetric reflection of light for

propagation along and opposite to the direction of director modulation.

Diffraction mode has also many unusual features. The diffraction pattern has been
worked out for twist grain boundary smectics and tapered lattices for light incident
normal to the direction of lattice modulation and the incident light is assumed to

be linearly polarised. Some interesting results in this case are:

In twist grain boundary smectics, the diffraction pattern is symmetric with
respect to the zeroth order. There is no diffraction for light polarised parallel
to the twist axis in the case of some twist grain boundary smectics.

On the other hand diffraction pattern is asymmetric both in twist tapered
and splay-bend tapered lattices. Further, there are specific linear polarisation

states of incident light for which diffraction will not take place.

When these defect lattices are doped with dyes or if they have intrinsic broad
absorption bands in the visible we find many other novel optical features both in

the reflection and the diffraction mode.
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For example, uniformly absorbing twist grain boundary smectics exhibits Bor-
mann effect. As a result, in some reflection bands which reflect a particular
(right/left) circularly polarised light, the transmittance for the reflected state
is greater than the transmittance of the other (left/right) circular light which
experiences an average absorption. In some bands, this anomalous transmis-

sion is present at both the edges of the reflection band and in some others

it is totally absent.

Absorbing twist tapered lattice exhibit asymmetric reflection bands while the
. splay-bend reflection lattice has symmetric reflection bands. In addition the
reflection asymmetry already referred to in the non-absorbing case, is all the

more pronounced here.

In the diffraction mode too we find some interesting results. For instance we
find asymmetric diffraction pattern in some twist grain boundary smectics
while it is symmetric in other twist grain boundary smectics. Also, generally,
there is no diffraction for polarisation parallel to the twist axis in uniformly
absorbing twist grain boundary smectics. On the other hand, in a non-
uniformly absorbing system where only the grain boundaries are absorbing,
we find diffraction for this polarisation also. A study of this pattern leads to
a direct estimate of the thickness of the smectic blocks. Further, twist grain
boundary smectics which exhibited asymmetric diffraction when they were
uniformly absorbing will have a symmetric diffractiort pattern when only the

grain boundaried absorb.

These studies on defect lattices have further led to many other investigations which

are being pursued.
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