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1

Introduction to liquid crystals

MICHAEL R. FISCH AND SATYENDRA KUMAR

Department of Physics and Liquid Crystal Institute, Kent State University, Kent,
OH 44242, USA

1.1 What is a liquid crystal?

We all remember learning that there are three states of matter: solid, liquid
and gas. This, however, is not the whole story. There are situations in which
more than just these three phases exist. For now, consider the large class of
organic molecules which do not show a single transition from solid to
liquid, but rather a series (more than one) of transitions between the solid
and the normal (isotropic) liquid as their temperature is raised. These new
phases have mechanical, optical, and structural properties between those of
the crystalline solid and the corresponding isotropic liquid. For this reason,
these phases are referred to as liquid crystalline phases, and the materials
which form them upon a change in phase are often referred to as thermo-
tropic liquid crystals. A more proper name is mesomorphic (or intermedi-
ate) phases.

Liquid crystalline properties are exhibited by several different types of
systems. In addition to certain classes of organic molecules, micellar solu-
tions of surfactants, main and side chain polymers, and a large number of
biological systems are known to be liquid crystalline. Several textbooks
[1-4] on liquid crystals have discussed these topics to varying degree. The
purpose of the present chapter is not to paraphrase what is in these texts
but rather to lay the foundation for understanding the topics covered in
different chapters of this book. A number of publications which emphasize
and review specific topics in significant detail are available and are strongly
recommended as supplemental reading [5-10]. Following de Gennes and
Prost [1], we will define a liquid crystal as an intermediate phase which (a)
has liquid-like order in at least one direction, and (b) possesses a degree of
anisotropy, which is characteristic of some sort of order. The latter require-
ment is typically met if the molecules (and, in our later discussion, other
objects such as micelles) which form liquid crystals are anisotropic, either
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2 Introduction to liquid crystals

rod-like (prolate) or disk-like (oblate). However, one must remember that
while all liquid crystalline phases are formed by anisotropic objects not all
anisotropic molecules form liquid crystalline phases [11, 12].

1.2 Ordering of anisotropic objects

Objects which have shapes other than spherical may possess three types of
order giving rise to different liquid crystalline phases. Let us first define the
types of order that are necessary to discuss the phases involved. The sim-
plest of these is orientational order (OO). This is possible when the symme-
try axes of the ordering objects are on average parallel to a well-defined
spatial direction, n, known as the director. The degree of order, denoted by
the orientational order parameter, S, is the thermal average [3/2 cos 60— 1720
where 6 is the angle between a molecule’s symmetry axis and the director.
The orientational order parameter is typically a function of temperature.

The second type of order is positional or translational order (PO). When
PO is present, the system remains invariant under translation by an integer
number of lattice translation vectors. The arrangement of the basic units
(e.g., molecules) and the mass density (and, consequently, the electron
density) exhibit periodicity. In the simplest case, this periodicity is one-
dimensional, and may be conveniently represented by a density function of
the form:

plr) = [0 Re[Wexp(ik-r)],

where [pllis the average electron density, Re means real part of, ¥ is the
complex amplitude, and k is the wavevector. It is important to note that a
liquid crystal system does not have to possess translational order in all three
directions. In particular, for the ‘fluid’ smectic (-A and-C) phases, which
possess positional order only in one dimension, the smectic order parame-
ter representing the density variation is written as

W (r)| =Re[ piexp(i2mz/d)],

where d is the thickness of smectic layers which are assumed to be perpen-
dicular to the z direction [1].

A third type of order is bond orientational order (BOO) [13]. A bond, in
the present context, is not a chemical bond but a line in space joining two
adjacent molecules. If the orientation of these bonds is preserved over a
long range, then a system possesses BOO. It is encountered in a category of
smectic phases called the hexatic smectics. In these phases, the molecules
within a smectic plane possess BOO and, since the molecules can best pack
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Figure 1.1. Schematic representation of the three basic types of order: (a) orien-

tational order parallel to the director n, (b) positional order in two dimensions with

lattice vectors a and b, and (c) bond orientational order. In the last case, translation

from one lattice site along the arrow by an integer multiple of lattice spacing shows
a lack of translation symmetry.

in a hexagonal fashion, the orientation of bonds possess six-fold symmetry.
A complex order parameter, i, similar to the smectics density wave has
been used to account for BOO,;

s = Re[leexp(6id)],

where I is a complex amplitude, and ¢ is the azimuthal angle with respect
to the layer normal. Systems can possess long range BOO without long
range positional order PO, but the reverse is not true. It is possible for PO
to become short range due to the presence of dislocations and disclinations
which can leave the BOO unperturbed. The three types of order discussed
above are shown in two dimensions in Fig. 1.1.

1.3 The concept and use of symmetry in liquid crystals

One of the strongest guiding principles in liquid crystal science has been
symmetry, i.e., physical properties of a liquid crystalline phase depend on
the symmetry of the liquid crystal phase. Thus, the least ordered phase is the
most symmetric isotropic (1) phase which exhibits isotropic behavior similar
to regular liquids such as water. There is, then, a plethora of mesophases of



4 Introduction to liquid crystals

lower symmetry than the I phase before the least symmetric crystalline
phases belonging to the 230 space groups [14] which characterize crystals
are encountered. This progression may be described in terms of the three
types of order described above.

Consider imposing the simplest, i.e. orientational, order on a collection
of molecules. The resulting structure is known as the nematic (N) phase.
Such a phase is described by the director and the orientational order
parameter defined above. If the molecules are on average parallel to n, the
value of S'is positive and ranges between 0 and 1. On the other hand, if the
OO is such that molecules, on average, are perpendicular to n, then S'is neg-
ative and its values range from 0 to —%. Evidently, a Landau-Ginzburg type
expression for its free energy must not be invariant with respect to a change
in the sign of S as its positive and negative values represent physically differ-
ent systems. This is usually ensured by including a cubic term in the free
energy. A consequence of this symmetry requirement is that the transition
from I to an orientationally ordered state, or the N phase, must be first
order. Indeed, the I-N transition is always found to be first order with a
large enthalpy of transition. The physical properties of a nematic are
described by a symmetric second rank tensor.

The presence of PO in one direction leads to the smectic-A (SmA) phase.
However, there can be no long range order in one dimension [15], so this is
really a quasi long range order (QLR). Transitions between the isotropic
liquid and the SmA phase are first order while transitions between the N
and the SmA phase may be either first or second order depending upon the
coupling between the OO and PO, which in turn depends on the width of
the N phase. A liquid crystal with a wide N phase is more likely to exhibit
a second order N-SmA transition. Further discussion of this topic can be
found in Chapters 3 and 7.

A smectic phase has at least two unique directions, the director and the
layer normal. In the SmA phase, these two directions are collinear. But
there are phases in which the director makes an angle with the layer normal
as in the smectic-C (SmC) phase. In the chiral smectic-C (SmC*) phase, the
director maintains a constant angle with respect to the layer normal while
describing a helical path as the sample is traversed along the direction
normal to the smectic planes. The chiral phases invariably are ferroelectric
in nature. The details of the structure of different phases will be discussed
later in this chapter.

Various smectic phases have BOO and PO to varying degree within a
smectic plane and it is convenient to consider the extent of order that sep-
arates a smectic phase from the rest. The BOO and PO can be either short
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Figure 1.2. An illustration of a possible phase progression in a liquid crystal. The
most symmetric and least ordered phase is at the top, and the most ordered and least
symmetric phase is at the bottom.

range (SR) as is observed in liquids or long range (LR) as observed in crys-
tals. Three distinct possibilities exist:

1. Both the BOO and PO are short range — such smectics can be considered

as fluid smectics, examples being SmA, SmC, and SmC*, etc.

2. Long range BOO but short range PO — these are referred to as the hexatic

smectic phases. Smectic-I, -F, and -HexB are some examples.

3. Long range BOO and PO - such phases are very close to being crystalline
phases except that the molecules undergo rotational diffusion. They used
to be known as smectic-B, -E, etc. but nowadays they are referred to as
the crystal-B, -E, -G, etc. phases. (See Section 2.1 for recent terminology.)

Various (untilted) smectic phases, with the director parallel to the layer
normal, are given different names as summarized in Fig. 1.2 [8].

The use of symmetry goes beyond noting which phase is more symmet-
ric than another and helping one discern the symmetry of physical proper-
ties of the corresponding phase. It also allows one to make analogies to
phase transitions in other non-liquid crystalline systems. For example, as
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de Gennes [1, 16] has observed, the introduction of the smectic order
parameter allows one to draw a strong analogy between the SmA phase and
the superconducting phase. The tilted SmC phase has been compared [17]
with superfluid helium, and the SmA to SmC transition predicted to exhibit
critical behavior similar to that of helium or the XY model. Similarly, the
transition between SmA and hexatic-B is described by a two-dimensional
order parameter and may similarly be described by the superfluid analogy.
The use of symmetry in liquid crystals will become evident in different
chapters of this book. Suffice it to state that symmetry has been a crucial
and indispensable tool in our understanding of the physics of liquid crys-
talline phases. At the same time, the field of liquid crystals has been used
as a testing ground of theoretical ideas that are not manifest in other
systems with such elegance and simplicity.

1.4 Liquid crystal phases formed by rod-like molecules

In this section we will briefly discuss the liquid crystalline phases formed by
simple entities: organic molecules which can be viewed as short rigid rods
of alength to diameter ratio of roughly 3—-8. Such molecules exhibit various
mesophases at different temperatures and hence are generically referred to
as thermotropic liquid crystals. The chemistry and structure—property rela-
tionships of this technologically and scientifically interesting group of
materials are discussed in greater detail in Chapter 10 by Neubert. A
common feature of all molecules of this type is that they all comprise a
central rigid core connected to a flexible alkyl chain at one or both ends.

Without proof or reference we will state some of the physical properties
of these phases. A detailed discussion of these properties and how they can
be measured will be found in the various chapters of this book and the ref-
erenced literature. However, one should note that the size of a typical mole-
cule which forms a thermotropic liquid crystal is such that x-rays work as
an ideal and direct probe of the structure of these materials. Thus, a par-
ticularly good starting point is Chapter 3 on x-ray scattering by Kumar and
the book by Pershan [8].

1.4.1 Non-tilted phases

This is a sub-class of thermotropic liquid crystalline phases which are free
from chirality and molecular tilt. However, these phases differ from each
other in the type and extent of order and the symmetry they possess.
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The nematic phase

As discussed above, the simplest liquid crystalline phase is the nematic
phase. There are several types of nematic phases but all of them can, to a
first approximation, simply be thought of as liquids which have long range
orientational order, OO, but lack PO and BOO. An example of a nematic
made of rod-like molecules is shown in Fig. 1.1(a). The various types of
nematics have slightly different properties based on the details of their
molecular structure and chemical behavior. The two primary types of
nematic are uniaxial and biaxial.

The uniaxial nematic is characterized by the following features [2]: (a) no
PO, so, no BOO; (b) OO parallel to the director n; (¢) the direction of n in
space is arbitrary, and typically imposed by outside forces such as elec-
tric/magnetic fields; (d) n and —n are equivalent; and (e) molecules which
form nematics are either archiral (identical to their mirror images) or
racemic (contain equal numbers of left and right handed molecules).

The biaxial nematic phase is also characterized by the above properties.
However, this liquid crystalline phase does not possess cylindrical symme-
try about n. This phase possesses two unique directions perpendicular to n
renderingit biaxial. It should be pointed out that, despite some reports, there
are no known thermotropic biaxial nematic phases [18]. The existence of
biaxial phases has been confirmed in lyotropic liquid crystals (Section 1.8)

The smectic-A phase

The name ‘smectic’, was coined by G. Friedel to describe certain meso-
phases that feel slippery like soap when touched, and was originally asso-
ciated with what is now known as the smectic-A phase. The important
feature which distinguishes smectic phases is that they have a layered struc-
ture. In fact, as mentioned above, PO and BOO have all been observed
among molecules lying in a smectic plane resulting in over 20 smectic liquid
crystalline phases.

The simplest is the SmA phase made of non-chiral and non-polar mole-
cules and characterized by a one-dimensional layered structure (or PO), in
which each layer is essentially a two-dimensional liquid as shown in Fig.
1.3(a). However, arguments [15] show that one-dimensional liquids can not
exhibit long range PO. Nevertheless, PO almost does exist, and this system
is said to exhibit quasi long range order or have Landau—Peierls’ instabil-
ity. This phase is uniaxial, the layers are essentially incompressible, and the
long axes of molecules within the layer, on the average, are perpendicular
to the layers. The SmA phase is characterized by short range PO and short



8 Introduction to liquid crystals

B O

(@) (b) (©)

-

-t H

Figure 1.3. Some liquid crystal phases formed by untilted rod-like molecules. (a)
The smectic-A phase; note that there is quasi-long range PO normal to the layers,
OO with the mean orientation of the molecules perpendicular to the layers and short
range PO and BOO within the layers. (b) A view of the short range hexagonal PO of
the molecules within a layer of a HexB phase. The molecules are perpendicular to
the smectic plane as indicated by the circles. (c) The local herringbone arrangement
of molecules in a layer of the crystal-E phase. The ellipses represent a view of the
rigid benzene rings in the molecules. The lattice has a rectangular unit cell.

range BOO in the layers, and quasi long range PO perpendicular to the
planes. It may be thought of, somewhat crudely, as a stack of two-dimen-
sional fluid layers.

The hexatic-B or hexatic smectic-B phase

These two names for the same phase, abbreviated as HexB, describe a phase
which is characterized by a layered structure, just like the SmA phase, and
long range BOO within the layers. BOO is the essential property of a hexatic
phase. This is a very special class of smectics characterized by quasi long
range PO in the direction perpendicular to the layers, short range PO within
the smectic layers (although typically longer than in the SmA), and most
importantly BOO. In the HexB phase, the molecules are locally hexagonally
packed, and the resulting six-fold BOO is maintained for macroscopic dis-
tances. The HexB is a uniaxial phase. In three dimensions, the transition from
SmA to HexB phase is expected to be in the same universality class as super-
fluid helium. However, this is not the case. The explanation is that there is a
strong coupling between the mass density and the hexatic order parameter,
and fluctuations in the order parameter influence its behavior near the tran-
sition [2]. A schematic of the BOO of a hexatic phase is shown in Fig. 1.1(c).
A top view of the molecules within a smectic plane, which indicates that the
molecules are perpendicular to the planes, is shown in Fig. 1.3(b).

The hexatic phases have been studied quite extensively in two-dimen-
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sional freely suspended films. In these studies, liquid crystal films were
drawn over a hole in a metal or glass plate. These films have smectic layers
aligned almost perfectly parallel to their physical surface rendering the data
interpretation easier than in bulk samples. X-ray diffraction studies of the
growth of hexatic order in such films will be discussed in greater detail in
Chapter 8 by Brock. The transition between SmA and HexB (in two dimen-
sions) can be second order. The Halperin—Nelson—Young theory [19] has
been applied to describe this transition. This theory predicts that in two
dimensions dislocations destroy PO but not BOO. This is indeed the case.

The crystal-B phase

There are several crystalline smectic phases; that is, smectics which are very
close to three-dimensional crystals. They differ from true crystal phases in
one important aspect. The molecules in them have freedom of rotation
about their long axis, i.e., their thermal motion is not completely frozen
out. Such phases, in which the position of the molecules is fixed but their
motion is not arrested, should more correctly be classified as plastic crys-
talline phases. The reader who is interested in greater detail in this area
should read Pershan [8] and references therein. The common feature of
these phases is that the average molecular orientation is normal to smectic
layers and within each layer the molecules are ordered in a triangular lattice
and possess long range PO and, of course, BOO. The stacking of these tri-
angular arrays varies from material to material and restacking transitions
have been observed.

The crystal-E phase

As in the crystal-B phase, the molecules within a smectic-E plane are
arranged on a triangular (or hexagonal) lattice and are perpendicular to the
smectic layers. This phase differs from the crystal-B phase in the rotational
motion of molecules. In the crystal-E phase, the thermal motion of mole-
cules is reduced to the extent that they arrange themselves in a herringbone
pattern within a smectic layer. The intralayer molecular packing is shown
in Fig. 1.3(c). With this type of packing their continuous rotational
freedom is hindered. NMR [20] studies have concluded that molecules can
undergo correlated six-fold jump rotational diffusional motion.

1.4.2 Tilted phases

There is a complete set of smectic phases in which the long axis of mole-
cules (or the director) is not perpendicular to the layer normal, but makes
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molecules. (a) The SmC phase; the layers are indicated by the lines and the mole-

cules by the ellipses. Short range order in hexatic smectic-F and hexatic smectic-I

phases are shown in (b) and (c) respectively. Here the major axis of ellipse indicates
the molecular tilt direction with respect to the hexagon axes.
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a relatively large angle. Just like the untilted phases discussed above, the
various tilted phases possess different structures and order.

The smectic-C phase

The smectic-C, SmC, phase is similar to the SmA phase in that it is a layered
structure and each layer may be thought of as a two-dimensional liquid film
with no BOO or PO. However, in this case the molecules are on the average
tilted with respect to the normal to the layers, i.e., n and smectic layer
normal are not collinear, Fig. 1.4(a). Furthermore, the tilt angle, «, that the
molecular long axis makes with the layer normal, is a strong function of
temperature. In the case of a transition from SmA to SmC phase at tem-
perature T, smectic layer spacing at a temperature 7 below the transition
d(T) = d(T sc) cos a. The angle « which is an order parameter for this phase
can range from zero to as high as 45-50° deep in the SmC phase. The tem-
perature dependence of molecular tilt [21] in the SmC phase of terephthal-
bis-(4n)-butylaniline (TBBA) is shown in Figure 1.5. Most of the SmA to
SmC transitions are second order but first order transitions in fluorinated
compounds have recently been observed [22]. A consequence of the tilting
of the molecules is that this phase exhibits biaxial optical and physical
properties.

The smectic-F and smectic-1 phases

Tilted phases with in-plane hexatic order have also been observed. These may
be thought of as tilted analogs of the HexB phase. However, with a hexago-
nal arrangement within smectic planes, the molecules can tilt along two dis-
tinct directions with respect to the hexagonal lattice. In the HexF phase, the
tilt is in a direction perpendicular to the sides of the hexagon. If molecules
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Figure 1.5. Temperature dependence of molecular tilt in the SmC phase of TBBA
determined by high-resolution x-ray diffraction.

tilt towards a corner, it is known as the HexI phase. The descriptions of these
phases often leave one confused. When both phases are formed by the same
material, the HexI is always the higher temperature phase. The short range
in-plane order of these three phases is shown in Fig. 1.4(b) and (c). These
phases are also the topic of discussion for Chapter 8 on freely suspended film
measurements and further details can be found there.

The crystal-G and crystal-J phases

The crystal-G and crystal-J phases are the phases normally obtained at
temperatures lower than the HexF and HexI phases. The molecular
arrangement within a smectic plane possesses long range PO and BOO. In
both these phases and their higher temperature hexatic versions, the mole-
cules are tilted with respect to the layer normals by approximately 25 to 30°.
The local order is hexagonal which is distorted due to molecular tilt, with
molecules having rotational freedom comparable to the untilted crystal-B
phase.

The crystal-H and crystal-K phases

The crystalline H and K phases are tilted versions of the crystal-E phase.
The molecules in the crystalline H (K) phase are tilted in a manner similar
to the crystal-G (J) and HexF (HexI) phases, i.e., along the direction per-
pendicular to a side (towards a corner) of the underlying hexagonal struc-
ture. The general sequence of tilted phases with decreasing temperature is



12 Introduction to liquid crystals

Smectic-C
A
Smectic-F Smectic-I
Crystal-G Crystal-J
Crystal-H Crystal-K

Figure 1.6. A typical phase sequence for tilted phases of rod-like molecules.

shown in Fig. 1.6. However, the actual order of phases varies from material
to material.

1.4.3 Chiral tilted phases

Molecules which are not identical to their mirror image are said to be
chiral. Molecular chirality has profound influence on liquid crystal proper-
ties. There exists a complete designer line of liquid crystal phases with chi-
rality, as discussed in the following pages. The extension of the schemes
discussed above on the basis of symmetry properties to the phases formed
by chiral molecules is rather straightforward.

The cholesteric or chiral nematic phase

The phase which, in most regards, is similar to the nematic phase but with
chiral structure is known as the cholesteric phase. The name is based on the
fact that derivatives of the infamous cholesterol were initially found to
exhibit this phase. This phase forms if the molecules which form the liquid
crystal are either intrinsically chiral or if chiral dopants are added to a non-
chiral (regular) nematic. The chirality of the system leads to a helical dis-
tortion, in which the director n rotates continuously in space along, say, the
z-direction, with a spatial period of m/p. Here p is the pitch of the choles-
teric which can be positive or negative, corresponding to right or left
handedness, and has a magnitude which can be a strong function of tem-
perature. The temperature dependence of their pitch has been exploited in
making thermometers. The pitch of a cholesteric can also be increased
(unwound) with the help of an applied electric field. It is important to note
that for systems which have a small twist (long pitch), locally a cholesteric
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Figure 1.7. A schematic diagram of the SmC* phase showing the precession of

the tilt angle as one moves along the layer normal. The arrows attached to the mol-

ecules point to represent the direction of the molecular electric dipole moment
which renders these phases ferroelectric. d is the layer spacing and p is the pitch.

liquid crystal ‘looks’ like a nematic. Of course, this picture breaks down for
short pitched cholesterics. We will discuss this situation later in the section
on defect phases.

Chiral smectic phases

The smectic phases formed by chiral molecules are designated with a * over
the letter specifying the analogous non-chiral phase. For example, the
chiral smectic-A is abbreviated as SmA*. Many of the physical properties
of a chiral phase, e.g., the linear electro-optical effect [14] of the SmA*
phase, are not present in the SmA phase. Tilted phases occur for chiral
molecules. The simplest is called the fluid smectic-C*, SmC*, phase. This
extra degree of freedom obtained from chirality causes a distortion in the
SmC structure, and the direction of tilt precesses around the layer normal
as one moves from layer to layer. A schematic picture of the SmC* is shown
in Fig. 1.7. This phase is ferroelectric in nature as the molecules have a
transverse permanent dipole moment. This property has been the basis of
many new technologies and the subject of intense study in its own right
[23-25]. Ferroelectric phases will be discussed in Section 1.4.5 in more
detail.

The precession of tilt angle from layer to layer is also seen in other chiral
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smectic and crystalline phases. They generally show the same phase
sequence as shown in Fig. 1.6. Because the molecules are chiral in analogy
with the SmC* all of these phases are also labeled with a star. Thus we
obtain HexF*, HexI*, CrG*, CrJ*, CrH* and CrK* phases.

1.4.4 Frustrated or polar smectics

Liquid crystalline compounds with a large longitudinal permanent electric
dipole moment exhibit a very rich mesomorphism including several
smectic-A phases and reentrant nematic phases. The longitudinal dipole
moment arises because of the presence of chemical groups such as NO, or
CN. Chemical formulae and mesomorphism of some of the often studied
materials are given in Fig. 1.8. This behavior was first observed unexpect-
edly in a mixture by Sigaud and coworkers [26]. The term frustrated stems
from a microscopic frustrated spin model of Berker et al. [27]. At present,
more than ten smectic phases have been observed in these systems.

The molecular arrangement in the four simplest frustrated phases,
namely the N, smectic-A,, -A,, and -A, (abbreviated as N, SmA,, SmA,,
and SmA ) phases, is shown in Fig. 1.9 along with their characteristic x-ray
diffraction patterns. Here, the molecules are drawn as straight lines with an
arrowhead at one end to represent the dipole. Two diffuse spots observed in
the x-ray diffraction pattern of these nematic phases set them apart from
the nematic phase of non-polar materials. The dipoles have no orienta-
tional preference in the SmA | phase. In the SmA, phase, quasi-Bragg reflec-
tion and a diffuse peak are observed. The diffuse peak condenses into a
sharp reflection in the SmA, phase as the antiferroelectric order develops
accompanied by a dipole density modulation of periodicity 2/, / being the
molecular length. The dipole density modulation has periodicity of 2/' <2/
in the SmA, phase, in which molecules partially overlap. The two quasi-
Bragg reflections in the SmA, phase appear at slightly higher values of the
scattering vectors than in the SmA, phase. In this phase, a diffuse peak cor-
responding to liquid-like short range order at a length scale of / persists.

Prost, Lubensky, and coworkers [28] developed a mean-field theory for
these systems using two two-component smectic order parameters W, and
W, [W(r) ~ ¥, exp(ig;T), i = 1, 2] that characterize long range head-to-head
antiferroelectric order of molecules and mass density modulations, respec-
tively. The wavevectors q; and q,, at which ¥, and W, condense, are in
general not required to be collinear. The two order parameters would prefer
to condense at their natural wavevectors k, (= 2w/2/") and k, (= 2m/l) in the
absence of coupling between them. Here, 2/’ (2I' =< 2/) is the effective length
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132.2 182.0 247.0
CrKk —— > SmA > N > |
DBGOCN : R = CgHy7
128.5 199.4 242.8
CrK———>»SmA > N > |
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56.0 67.1 80.6
CrKk———> SmA > N > |
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catrro <O - 000 @ : @
CrK——> SmA d > N i > |

Figure 1.8. Molecular formulae and phase sequence of some frustrated smectic
liquid crystals.
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of an antiferroelectrically ordered pair of molecules which can be thought
of as a dimer. The excess free energy density can be written as

f=fo=a(T—Ty) |, [+ D, |(A+ k)W, >+ C |V, ¥, P+ | T,
+a)(T—To) |V, + Dy [ (A+ i)W, + G|V, W, + 1, | W,
+ 2up, |, |, * — wReWWF — yReW | V5.

Here T, are the two mean-field transition temperatures. The elastic terms
with coefficients D; describe the spatial modulation and favor qf =k; and
q% = k%. The terms with V, a gradient in the plane perpendicular to n, favor
that q;, q,, and n be parallel to each other. The terms ¥, ¥ and W;W# favor
locking of two wavevectors at q; = q, and q, = q,/2, respectively. These com-
peting tendencies give rise to a variety of phases in mixtures of compounds
with very different molecular lengths. In binary mixtures, the quantities W,
and ¥, depend on the concentration, which influences the strength of cou-
pling terms and the natural wavevectors. The cubic term dominates /" ~/
but the harmonic term becomes most important when /" ~ //2.

The formation of various phases follows quite naturally from this theory.
When ¥, =W, =0, a nematic phase is obtained which possesses neither a
mass density nor a polarization density modulation. It has only short range
PO along with the director or, in other words, has smectic order fluctua-
tions corresponding to both wavevectors which appear as two sets of
diffuse peaks in x-ray diffraction experiments. In the monolayer SmA,
phase, only the mass density wave develops, so ¥, =0 and ¥, +# 0. The
quasi-Bragg reflection from this phase appears at 2¢g, = 2/l and a diffuse
nematic-like peak at 2mw/2/'. When ¥, # 0 # W¥,, a number of interesting
cases arise. If both density waves are collinear and /' =/, then the cubic cou-
pling term enforces commensurability, requiring ¢, = 2¢q, = 2m/2/ (= g, say)
and the bilayer SmA, phase results. On the other hand, if /' </, as would
be the case if molecules were overlapping, no locking of the wavevectors is
possible and the partial bilayer SmA  phase is obtained. Obviously, this
theory provides a very satisfactory explanation for the formation of these
and several other (SmC,;, SmC,, etc. when molecules are tilted) phases
which we shall not discuss in any detail here.

Numerous other possibilities exist arising from (i) letting the magnitude
of the two collinear wavevectors take different relative values giving rise to
the possibility of incommensurate SmA phases [29] which have not yet been
discovered. Only the existence of incommensurate crystal smectic phase
has been confirmed [30], and (ii) letting them become non-collinear permit-
ting the formation of phases in which one of the density waves is in a
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direction parallel to the smectic planes. Depending upon whether the mole-
cules are normal or tilted with respect to the smectic layers, the SmA or the
SmC antiphase forms [31]. The existence of these phases has experimentally
been confirmed.

1.4.5 Ferroelectric, antiferrolectric, and ferrielectric smectic phases

One of the more remarkable aspects of the SmC* phase is that it is ferro-
electric. In the present context this means that a non-zero spontaneous
polarization develops in this phase. Typically the polarization is a very
strong function of temperature near the transition (from higher tempera-
ture phase) to the SmC* phase and somewhat slower farther from the tran-
sition. Recall that the SmC* phase consists of tilted molecules and typically
the polarization is coupled to the tilt angle which also is zero at the transi-
tion to the (untilted) SmA phase. In fact, one often writes:

0=0(Tc—T)",
P=Py(Tc—T)".

where 61is the tilt angle, P is the spontaneous polarization, §,and P,are con-
stants, T, is the transition temperature, 7 the temperature, and « and 8 are
constants, theoretically predicted to be equal to 0.5. The above is somewhat
deceiving. Recall that in our discussion of the SmC* phase we stated that
the chirality leads to a twisting of the molecules and hence there is a helical
arrangement of the molecules as shown in Fig. 1.7. In a macroscopic
sample, without surfaces or external electric fields, the molecular polariza-
tion will follow this helix and result in zero total spontaneous polarization.
Hence the more correct name is helielectric phases [32]. However, if the helix
is unwound, which happens if a strong electric field is applied, there is a
spontaneous non-zero polarization which can be measured. Measurement
of P is discussed in Chapter 4 on physical properties.

Surface stabilization of the SmC* phase is the basis of surface stabilized
ferroelectric liquid crystal (SSFLC) display devices first proposed by Clark
and Lagerwall [33]. These cells, which are very thin, use surface anchoring
to provide alignment of the liquid crystal. The cell is switched between two
equivalent energy states, with very different optical properties when viewed
through crossed polarizers, by reversing the direction of the applied elec-
tric field. This type of cell has achieved switching speed as fast as 0.1 ps
which is three to four orders of magnitude faster than the nematic displays
[33]. Other details and a discussion of the chemistry of these materials is
available elsewhere [34].



Michael R. Fisch and Satyendra Kumar 19

(

wmo Wi
P. A I
[l %gﬂ& i

el &5@@ U,

out

Ferroelectric Antiferroelectric Ferrielectric

Figure 1.10. Schematic pictures of the ferroelectric SmC* phase, an antiferro-

electric SmC* phase and a ferrielectric SmC* phase. The open arrows indicate that

the spontaneous polarization of the molecular layer is into the page, the dark
arrows indicate that the spontaneous polarization is out of the page.

Recently, two more phases closely related to the SmC* have been discov-
ered. These are somewhat like the frustrated smectic phases in which local
dipoles become antiparallel. In these phases, the layer spacing and the pola-
rization direction are not related in the same manner as in the SmC* phase.
These phases, by analogy to the situation in magnets, are called antiferro-
electric liquid crystals and ferrielectric liquid crystals. Figure 1.10 sche-
matically depicts the SmC* phase, the proposed structure of the
antiferroelectric phase, and the simplest ferrielectric phase. All phases
possess chirality which has not been shown in Fig. 1.10 to clarify local
molecular and dipolar arrangements. The SmC* phase is characterized by
the spontaneous polarization of each layer pointing in the same direction.
The antiferroelectric phase is characterized by alternating directions of the
spontaneous polarization and the molecular tilt in adjacent layers. Thus,
the average tilt angle and the average spontaneous polarization in this
phase are both zero. A sufficiently strong electric field will switch the anti-
ferroelectric phase to the ferroelectric phase. It is significant to note that
antiferroelectrics repeat their helical structure every 180° of rotation about
the layer normal compared to 360° for the ferrolectric phase. The ferri-
electric phase is characterized by an uneven number of layers stacked with
tilt to the left and to the right. Thus there is a net but low spontaneous pola-
rization, since there are an uneven number of molecules with polarization
in the two opposite directions. Recent work has shown that many shades of
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ferrielectric phases exist differing in the proportion of layers with the two
different tilt directions. Readers are referred to the literature for more
details on these phases [35].

1.4.6 Blue and twist grain boundary phases

One of the advances in recent years in liquid crystal research has been the
discovery of defect phases. You might recall that in crystals defects such as
vacancies, dislocations, grain boundaries and the like exist, and can some-
times be removed by special preparation of the material. In liquid crystals
defects also exist [36]. These defects have several specific geometries, and
are energetically unfavored. In most experiments these defects are accidents
of sample preparation and one tries to remove them by annealing, careful
and clean sample preparation, or other techniques. However, in sufficiently
high chirality materials defects form spontaneously and are an essential
feature of the liquid crystalline phase. There are two common examples,
both of which we will briefly discuss: the blue phases (BP) and the twist
grain boundary phases (TGB). The BPs may be thought of as double twist
order permeated by a lattice of line defects. The TGB phase occurs when
twist is frustrated by layer structures. The resulting structure has periodic
grain boundaries.

Recall that the chiral nematic phase is locally a nematic with a slow (on
amolecular scale) rotation in the director. This phase occurs when the pitch
is large or the chirality is low. At the other extreme, when the chirality is
high, this picture is not correct. The presence of the high chirality makes it
possible for the system to have a lower energy state by having a double twist
structure rather than the single twist. However, this is not the whole story;
the free energy can be further reduced by forming many spatially ordered
double twist structures. The resulting defect phases possess simple cubic,
body centered cubic, and amorphous structures [37, 38]. Usually these
phases occur only over a small temperature range between the isotropic and
the chiral nematic phases, and are called blue phases because the first dis-
covered phase appears blue in reflected light.

The twist grain boundary phases formed by high chirality molecules have
a structure similar to the SmA phase and are more accurately denoted as the
TGB, phases. The layered structure of the SmA excludes twist. However,
just as in the blue phases, high chirality subtly changes the energetics of the
system leading to a different type of structure. In this case the free energy is
minimized by introducing grain boundaries at periodic intervals. This phase
was theoretically predicted by Renn and Lubensky [39] and almost simulta-
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racemic and homogeneously chiral stacking of the layers, the racemic
having the lower free energy; (iv) the coexistence of chiral domains of both
handedness which maintain their handedness during switching in response
to an applied field; and (v) ‘sergeants-and-soldiers’ biasing of the global
chirality upon addition of chiral dopants. This phase has been observed to
form thin films of two or three layers. Currently there are several research
groups working on these materials. The structure and nomenclature of
these materials have not yet been finalized.

1.6 Liquid crystals formed from disk-shaped molecules

The liquid crystalline phases formed by disk-shaped molecules are referred
to as the discotic phases. They were first synthesized and identified in 1977
[2, 43]. Structurally they generally form either nematic or columnar phases.
The simplest columnar phase consists of stacked disks, forming a one-
dimensional liquid-like structure; the columns themselves form a two-
dimensional lattice. Hexagonal, rectangular, and other lattice types have
been identified. Tilted phases have also been reported. The discotic nematic
phase is denoted by N, where the subscript D is to avoid confusion with
the normal nematic phase. This phase is characterized by the short axis of
the molecule aligning parallel to the director. The N, phase is diamagnet-
ically and optically negative. This is in contrast with the rod-like nematics
which are mostly optically and diamagnetically positive. Figure 1.12 illus-
trates the N phase and the columnar phases.

The structure of the columnar phases merits some discussion. There is
no PO along the columns. The columns themselves are arranged with PO
and form a two-dimensional array which is either a rectangular or a hexag-
onal lattice. There is orientational order (at least for the cores of these mole-
cules) within the columns. The rectangular or D, phase has columns which
occupy a rectangular lattice. The molecules are oriented away from the
column axis in this phase; the resulting tilt forms a herringbone pattern
such as shown in Figure 1.12(c). The columns of the hexagonal, D, phase
are arranged in a hexagonal pattern. The molecules are tilted within the
columns, but there is no coordinated azimuthal orientation of the mole-
cules in the columns.

1.7 Polymeric liquid crystals
Another class of thermotropic mesogens is polymer liquid crystals. These

structures consist of mesogenic subunits (either rod-like or disk-like) which
are connected together with flexible links forming what are known as the
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Figure 1.12. The structure of the N, (a) and columnar (b) phases. In columnar

phases there is PO in the columns. The rectangular columnar phase, D,, is shown in

(c) and the hexagonal columnar phase, D, is shown in (d). In these two parts of the
figure the molecules are tilted. This is illustrated by drawing the disks as ellipses.

main-chain polymer liquid crystals (PLC). Alternatively, the mesogenic
subunits can be attached to the polymer chains as side groups or pendates.
These are known as the side-chain PLCs. The nature of the liquid crystal-
line phases which form depends on the backbone, spacers, flexible links, etc.
These are reviewed in several references [4, 44]. A schematic presentation of
these PLCs is shown in Fig. 1.13.

1.8 Lyotropic liquid crystals
1.8.1 Colloidal lyotropic phases

Solutions of biomolecules such as proteins and DNA and sufficiently con-
centrated solutions of surfactants can form another interesting class of
liquid crystals. Since the phase behavior is most easily induced by changes
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Figure 1.13. Schematic representation of polymeric liquid crystals. The rods and

ellipses represent rod-like and disk-like mesogens, respectively. The wavy lines rep-

resent the polymer chains or segments. The brackets, [ ], indicate that the unit is

repeated many times. The top two figures represent main-chain PLCs, the bottom
two side-chain PLCs.

in concentration (although temperature is still an important variable) these
are referred to as lyotropic liquid crystals. These mesophases[1, 2] were first
considered by Onsager [45] and Flory [46]. Representative examples are syn-
thetic polypeptides, precipitated metal oxides, and rigid polymers in appro-
priate solvents. Typically these molecules achieve length to diameter ratios
of ~10-20. Liquid crystal properties of solutions of DNA molecules, some
proteins, and viruses have also been extensively studied. Of particular inter-
est is tobacco mosaic virus (TMV) which has a length of approximately
3000 A and a diameter of 200 A and is known to form phases analogous to
the nematic and smectic phases of thermotropic liquid crystals.

1.8.2 Self-assembled structures

In addition to small molecules, polymer liquid crystals, and large chemi-
cally bonded objects such as viruses, another simple class of materials
exhibits liquid crystalline phases. This class of materials consists of amphi-
philic molecules in a solvent in which they spontaneously form lyotropic
micellar systems. An example of such a system is a solution of soap in
water. A typical soap molecule consists of a polar head and one or more
hydrocarbon tails. When a sufficient number of such molecules is dissolved
in a solvent, the lowest free energy state is a state in which the hydrocarbon
tails segregate to shield themselves from the polar water environment. This
leads to the formation of aggregates of molecules. Molecules in such aggre-
gates, called micelles, are not covalently bonded and can assume several
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Figure 1.14. (a) A ‘cartoon’ of a typical amphiphilic molecule. (b) An example of
a rod-like micelle. (c) A slice of a bilayer structure. This is an example of a lamellar
phase. (d) A cubic phase formed by spherical aggregates.

different geometries depending on the thermodynamic conditions and
chemical nature of the molecules. These aggregates can be rod-like or disk-
like which can be orientationally and/or positionally ordered to exhibit a
wide range of liquid crystalline phases including isotropic, nematic, lamel-
lar, hexagonal, and cubic phases [1, 5]. A typical surfactant and a few
simple phases of amphiphilic materials are shown in Fig. 1.14.

This area of liquid crystal research, in fact, precedes the age of thermo-
tropic liquid crystals. Early work [47] demonstrated the existence of meso-
phases with PO in one (lamellar or smectic phases), two (hexagonal and
rectangular phases), and three (cubic) dimensions. The observation of the
nematic phase came more recently [48]. It typically consists of rod-like or
disk-like micelles with their symmetry axis orientationally ordered. This
phase is observed between the isotropic phase and a smectic-like phase
called the lamellar phase of disk-like micelles. For cylindrical micellar
systems, it appears between the isotropic and the hexagonal phase. These
phases can be observed over a rather large concentration range typically
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from 0.1 to 0.5 weight percent as well as over a wide temperature range. The
Onsager theory explains the isotropic to nematic phase transition in these
materials rather well. Finally, the nematic composed of rod-like micelles is
called the canonic [5] nematic, N.. A review of research in this field has
been prepared by Boden [49].
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