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Preface 

This text has grown out of the chapter Ferroelectric Liquid Crystals which I wrote 
for the Handbook of Liquid Crystals, published in 1998. Although this was an unusu- 
ally large chapter in the Handbook, the available space and time could not possibly 
permit a full coverage of the subject. The editors therefore proposed to extend the 
material into a monograph, which then also ought to cover antiferroelectric materi- 
als. In fact, not to treat the different kinds of polar order from a unified point of view 
would be to set artificial borders between indissolubly connected phenomena. 

The new text is substantially extended in several ways. This does not only con- 
cern the discussion of antiferroelectric materials, but foremost the inclusion of two 
chapters (1 1 and 12) on the elastic continuum theory of smectics, in particular smec- 
tic C and smectic C*. This description, which is indispensible in order to understand 
the peculiar intrinsic smectic C* properties, of great importance also for the appli- 
cations of the material, has so far been absent in the literature. (It is not even treat- 
ed in the Handbook.) Much of this discussion concerns the spontaneous bend defor- 
mations present in smectic C* and is written in a language - this has been the aim 
of the whole book - accessible to both experimentalists and theoreticians. 

Corresponding to its character of monograph I have tried to have a fair balance in 
the text between basic physics and applications. I have further attempted the treat- 
ment to be self-contained as far as possible, in order to give it likewise the charac- 
ter of textbook. Therefore, priority has also been given to conceptual clarity. Essen- 
tially all important equations have been derived from basic principles. In the same 
spirit, the text contains a quite detailed and in may opinion, necessary, introduction 
to the Landau formalism in the description of phase transitions. In comparison with 
the Handbook article this part has been further extended by an introductory discus- 
sion of order parameters, including many examples, in sections 2.5 and 2.6. The in- 
clusion has necessitated a numbering of equations in those sections which deviates 
from that of the rest of the book, but otherwise should not affect the reading. 

The most important events in the subject-matter of polar liquid crystals can be 
traced back to 1969, 1975 and 1980. Serious industrial involvement began in 1985 
(Canon Inc., Tokyo) after some year of initial testing. The first international confer- 
ence on ferroelectric liquid crystals (FLCs) was held, on French initiative, in Arca- 
chon (Bordeaux) in 1987 and six more such conferences have since been held: 1989 
Goteborg (Sweden), 1991 Boulder/Colorado (USA), 1993 Tokyo, 1995 Cambridge 
(UK) and 1997 Brest (France). However, outside of these special conferences, the 
topic has been a dominating one also at the general liquid crystal conferences since 
the mid go’s, and it still is. The reason lies, no doubt, in its rich physics and chemis- 
try, which continually pours out new surprises. Many of these have been very detri- 
mental for applications and have required extraordinary efforts to cope with. As the 
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industrial pioneer, Canon not only discovered most of those but had to overcome 
them, which they did in an outstanding combination of academic research and ap- 
plied display work. However, neither is, by far, the physics and chemistry of these 
materials exhausted, nor are they sufficiently understood and mastered, theoretical- 
ly and experimentally. 

Liquid crystals are a delight to the condensed matter physicist. Concepts devel- 
oped to understand magnetism, superfluid helium and superconductivity have shown 
their unifying power when applied to liquid crystals, as they have when applied to 
nuclear matter, particle physics and weak and electromagnetic interactions. But liq- 
uid crystals are also competing with other technologies for large-area high-resolu- 
tion displays, which are considered to be the real bottleneck and therefore halting the 
otherwise very rapid development in information technology. Liquid crystals hold 
the first position in this area, but the high definition LCD-TV does not seem to be 
around the comer as has usually been claimed during the last fifteen years. For per- 
sonal computer screens though, both lap-top and desk-top, the combination nemat- 
ic-TFT has few rivals. Within liquid crystals a number of different technologies com- 
pete. With the exception of antiferroelectric (AFLC) displays it does not seem like- 
ly that passively addressed smectic screens will be able to compete in the area of 
PCs, due to the substantial decrease in cost for transistor arrays. Competing liquid 
crystal technologies also profit from each other. For instance, the FLC technology 
has shown that it is feasible to go down to much lower cell thickness (-2-4 pm) 
and other technologies have followed with a resulting increase in performance. The 
symmetrically bistable in-plane switching of FLCs has also inspired both the devel- 
opment of nematic in-plane switching (IPS) devices and the present development of 
fast-switching symmetrically bistable nematics. On the other hand, it is likely that 
FLC will now in turn profit from the rapid development in TFTs and silicon back- 
planes, because no nematic-TFT combination can compete in performance with 
FLC-TFT or “FLT”, in particular for the forthcoming market of TV, the biggest flat 
screen market beyond comparison. The FLT development is the newest aspect of 
liquid crystal displays. 

In this book the discussion of applications has been limited to displays. The main 
reason is that non-display FLC applications are extensively covered in the Handbook 
article by W. A. Crossland and T. D. Wilkinson. The book does also not discuss the 
chemistry of FLCs, neither in basic nor applied aspects. These things are covered in 
the Handbook article by S .  M. Kelly and in those by J. W. Goodby. Finally, the poly- 
mer FLCs are treated very superficially, as illustrative applications and the discotic 
FLCs not at all. Again, the reader is referred to Handbook articles by R. Zentel and 
by J. C. Dubois, P. Le Bamy, M. Mausac and C. Noel, in the first case, in the second 
case by A. N. Cammidge and R. J. Bushby and by N. Boden and B. Movaghar. 

As always however, there are certainly topics I wish I would have discussed, had 
more space and time been available. To these belong, in particular, the dielectric 
properties of FLC and AFLC materials, an the non-linear optical properties, but al- 
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so the very important and physically intriguing phenomena of electro-mechanical 
properties (pioneered by the Budapest group), in field-induced rotational instabil- 
ities (Goteborg) and the newest experimental results with relevance to the Landau 
description (Clausthal, Minneapolis). 

I due a lot of what I have written to my long-time colleagues and collaborators 
Noel Clark and David Walba at the University of Colorado in Boulder, with whom 
I always have had the most inspiring and profitable discussions. I likewise due a lot 
to my colleague Bengt Stebler in Goteborg and to my younger collaborators Joe 
Maclennan (Boulder), David Hermann and Per Rudquist (Goteborg). With Marek 
Maruszczyk I have had long discussions about device structures and, in particular, 
chevron geometries, and he has transferred my handmade sketches of not only those 
corresponding figures but the majority of the figures in the book, to a shape suitable 
for publication. The others have been prepared by Tomasz Mastuszczyk and by 
Jan Lagerwall. My wife has typed this manuscript (as so many others) without com- 
plaining, in spite of her own professional activity as an artist. I am also indebted to 
Dr. Jorn Ritterbusch at Wiley-VCH, who with much patience and encouragement 
has guided me through this project. Finally, my special thanks go to Dr. H.-R. Dubal 
of Hoechst, now Clariant, who during many years has been a constant source of sup- 
port and inspiration. 

Sven Torbjorn Lagerwall 
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1 Introduction 

Ferroelectric liquid crystals are a novel state of matter, a very recent addition to the 
science of ferroelectrics which, in itself, is of relatively recent date. The phenome- 
non which was later called ferroelectricity was discovered in the solid state (on 
Rochelle salt) in 1920 by Joseph Valasek, then a PhD student at the University of 
Minnesota. His first paper on the subject [ 11 had the title Piezo-Electric and Allied 
Phenomena in Rochelle Salt. This was at the time when solid state physics was not 
a fashionable subject and it took several decades until the importance of the discov- 
ery was recognized. Valasek had then left the field. Later, however, the development 
of this branch of physics contributed considerably to our understanding of the electri- 
cal properties of matter, of polar materials in particular and of phase transitions and 
solid state physics in general. In fact, the science of ferroelectrics is today an intense- 
ly active field of research. Even though its technical and commercial importance is 
substantial, many breakthrough applications may still lie ahead of us. The relative 
importance of liquid crystals within this broader area is also constantly growing. This 
is illustrated in Fig. 1, showing how the proportion of the new materials, which are 
liquid-crystalline, has steadily increased since the 1980s. 

The general level of knowledge of ferroelectricity, even among physicists, is far 
lower than in the older and more classical subjects like ferromagnetism. It might 
therefore be worthwhile to discuss briefly the most important and characteristic fea- 

Figure 1. Number of known ferroelectrics. 
Solid line: solid state ferroelectrics, where each 
pure compound is counted as one. Dashed line: 
total number, including liquid crystal ferro- 
electrics, for which a group of hoinologs is 
counted as one. From about 1984, the propor- 
tion of liquid crystals has steadily grown which 
has been even more pronounced after 1990. 
(After Deguchi [2] as cited by Fousek [3].) 
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2 1 Introduction 

tures of solid ferroelectrics and polar materials, before turning to liquid crystals. This 
will facilitate the understanding and allow us to appreciate the striking similarities 
as well as distinctive differences in how polar phenomena appear in solids and how 
they appear in liquid crystals. One of the aims, of course, is also to make a bridge to 
existing knowledge. Those not aware of this important knowledge are apt to coin 
new words and concepts, which are bound to be in contradiction to already estab- 
lished concepts or even contradictory to themselves. 

When dealing with ferroelectric liquid crystals, we use the same conceptual frame- 
work already developed for solid polar materials. An important part of this is the 
Landau formalism describing phase transitions (still not incorporated in any text- 
book on thermodynamics), based on symmetry considerations. It is important to gain 
some familiarity with the peculiarities of this formalism before applying it to ferro- 
electric liquid crystals. In this way it will be possible to recognize cause and effect 
more easily than if both subject matters were introduced simultaneously. 

Concepts like piezoelectric, pyroelectric, ferroelectric, ferrielectric, antiferro- 
electric, paraelectric, electrostrictive, and several more, relate to distinct phenome- 
na and are themselves interrelated. They are bound to appear in the description of 
liquid crystals and liquid crystal polymers, as they do in normal polymers and crys- 
talline solids. Presently, great confusion is created by the uncritical use of these terms. 
For example, in the latest edition of the Encyclopedia Britannica [4] it is stated that 
pyroelectricity was discovered in quartz in 1824. This is remarkable, because quartz 
is not pyroelectric at all and cannot be for symmetry reasons. To clarify such issues 
(and the confusion is no less in the area of liquid crystals), we will have to introduce 
some simple symmetry considerations that generally apply to all kinds of matter. In 
fact, symmetry considerations will be the basic guidelines and will probably play a 
more important role here than in any other area of liquid crystals. Chirality is a spe- 
cial property of dissymmetry with an equally special place in these considerations. 
It certainly plays a fundamental role for ferroelectric liquid crystals at least so far. 
Therefore we will have to check how exactly the appearance of polar properties in 
liquid crystals is related to chiral properties, and if chirality is dispensable, at least 
in principle. Finally, flexoelectricity is also a polar effect, and we will have to ask 
ourselves if this is included in the other polar effects or, if not, if there is an interre- 
lation. 

Can liquids in which the constituents are dipoles be ferroelectric? For instance, if 
we could make a colloidal solution of small particles of the ferroelectric BaTiO,, 
would this liquid be ferroelectric? The answer is no, it would not. It is true that such 
a liquid would have a very high value of dielectric susceptibility and we might call 
it superparaelectric in analogy with the designation often used for a colloidal solu- 
tion of ferromagnetic particles, which likewise does not show any collective behav- 
ior. An isotropic liquid cannot have polarization in any direction, because every pos- 
sible rotation is a symmetry operation and this of course is independent of whether 
the liquid lacks a center of inversion, is chiral, or not. Hence we have at least to di- 
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minish the symmetry and go to anisotropic liquids, that is, to liquid crystals, in or- 
der to examine an eventual appearance of pyroelectricity or ferroelectricity. To search 
for ferroelectricity in an isotropic liquid would be futile, because a ferroelectric liq- 
uid cannot be isotropic. In order to have a bulk polarization, a medium must have a 
direction, the polarity of which cannot be reversed by any symmetry operation of the 
medium. On the other hand, an isotropic liquid consisting of dipoles may show a po- 
larization during flow, because a shear diminishes the symmetry and will partially 
order the dipoles, thus breaking the randomness. This order will be polar if the liq- 
uid is chiral. However, we would not consider such a liquid ferroelectric or pyro- 
electric - no more than we would consider a liquid showing flow birefringence to be 
a birefringent liquid. It is clear that there may be lots of interesting polar effects yet 
to be explored in flowing liquids, particularly in fluids of biological significance 
(which are very often chiral). Nevertheless, these effects should not be called “fer- 
roelectric”. They should not even be called piezoelectric, even if setting up shear 
flow in a liquid certainly bears some resemblance to setting up shear strain in a crys- 
tal. 

Are there magnetic liquids? Yes, there are. We do not mean the just-mentioned 
“ferrofluids”, which are not true magnetic liquids, because the magnetic properties 
are due to the suspended solid particles (of about 10 nm size). As we know, ferro- 
magnetic materials become paramagnetic at the Curie temperature and this is far be- 
low the melting point of the solid. However, in some cases it has been possible (with 
extreme precautions) to supercool the liquid phase below the Curie temperature. This 
liquid has magnetic properties, though it is not below its own Curie temperature (the 
liquid behaves as if there is now a different Curie temperature), but it would be wrong 
to call the liquid ferromagnetic. The second example is the equally extreme case of 
the quantum liquid He-3 in the A1 phase. Just like the electrons in a superconduc- 
tor, the He-3 nuclei are fermions and have to create paired states to undergo Bose-Ein- 
stein condensation. However, unlike the electron case, the pairs are created locally, 
and the axis between two He-3 then corresponds to a local director. Thus He-3 A is 
a kind of nematic-like liquid crystal, and because of the associated magnetic mo- 
ment, He-3 A is undeniably a magnetic liquid, but again, it is not calledferromag- 
netic. Thus, in the science of magnetism a little more care is normally taken with ter- 
minology, and a more sound and contradiction-free terminology has been developed: 
a material, solid or liquid, may be designated magnetic, and then what kind of mag- 
netic order is present may be further specified. When it comes to polar phenomena, 
on the other hand, there is a tendency to call everything “ferroelectric”, a usage that 
leads to tremendous confusion and ambiguity. It would be very fortunate if in future 
we could reintroduce the more general concepts of “electric materials” and “electric 
liquids” in analogy with magnetic materials and magnetic liquids. Then, in every 
specific case, it would be necessary to specify which electric order (paraelectric, 
dielectric, etc.) is present, just as in the magnetic case (paramagnetic, diamagnetic, 
etc.). 
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Coherent and contradiction-free terminology is certainly important, because 
vagueness and ambiguity are obstacles for clear thinking and comprehension. In the 
area of liquid crystals, the domain of ferroelectric and antiferroelectric liquid crys- 
tals probably suffers from the greatest problems in this respect, because in the im- 
plementation of ideas, concepts, and general knowledge from solid state physics, 
which have been of such outstanding importance in the development of liquid crys- 
tal research, the part of ferroelectrics and other polar materials has generally not been 
very well represented. 

Presumed ferroelectric effects in liquid crystals were reported by Williams at RCA 
in Princeton, U. S. A., as early as 1963, and thus at the very beginning of the mod- 
ern era of liquid crystal research [5]. By subjecting nematics to rather high dc fields, 
he provoked domain patterns that resembled those found in solid ferroelectrics. The 
ferroelectric interpretation seemed to be strengthened by subsequent observations of 
hysteresis loops by Kapustin and Vistin [6] and by Williams and Heilmeier [7]. How- 
ever, these patterns turned out to be related to electrohydrodynamic instabilities, 
which are well understood today (see, for instance, [8], Sec. 4.3 or [9], Sec. 4.2), and 
it is also well known that certain loops (similar to ferroelectric hysteresis) may be 
obtained from a nonlinear lossy material (see [lo], Sec. 4.2). As we know today, ne- 
matics do not show ferroelectric or even polar properties. In order to find such prop- 
erties we have to lower the symmetry until we come to the tilted smectics, and fur- 
ther lowering their symmetry by making them chiral. The prime example of such a 
liquid crystal phase is the smectic C*. 

In principle, the fascinating properties of the smectic C* phase could have been 
detected long before their discovery in 1974. Such materials were synthesized by 
Vorlander [ 111 and his group in Halle before the first World War. The first one seems 
to have been an amyloxy terephthal cinnamate with a smectic C* phase from 133 "C 
to 247 "C and a smectic A* phase from 247 "C to 307 "C, made in 1909 [ 111 at a time 
far earlier than the first description of the smectic C phase as such [12] in 1933. At 
that time it was not, and could not possibly have been realized as ferroelectric. The 
concept did not even exist. 

In a classic review from 1969, Saupe (at Kent State University) discussed a hypo- 
thetical ferroelectric liquid crystal for the first time [ 131. While a nematic does not 
have polar order, such order, he pointed out, could possibly be found in the smectic 
state. The ferroelectric smectic, according to Saupe, is an orthogonal nonchiral smec- 
tic in which all molecular dipoles are pointing along the layer normal in one single 
direction (a longitudinal ferroelectric smectic). He also discussed a possible antifer- 
roelectric arrangement. Among the other numerous topics discussed in this paper 
(suggesting even the first blue phase structure), Saupe investigated the similarities 
between nematics and smectics C and introduced the twisted smectic structure as the 
analog of a cholesteric. In the same year, Gray in Hull [ 141 synthesized such mate- 
rials (actually the first members of the DOBAMBC series), but only reported on an 
orthogonal smectic phase; no attention was paid to smectic polymorphism in those 
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days. Actually, in the year before, Leclerq et al. [ 151 (in Paris) had reported on a ma- 
terial having two distinct chiral and strongly optically active phases, which they inter- 
preted as two distinct nematic phases. They were thus very close to discovering the 
helicoidal smectic. (Their material had a first order N*-C* transition.) A helicoidal 
smectic was then reported for the first time by Helfrich and Oh, at RCA in 197 1, who 
described the first smectic liquid crystal (“spiraling” or “conical” smectic) identified 
as optically active [16]. Like the substances in the above-mentioned examples, this 
one belongs to the category that is the topic of this book, but who could have expect- 
ed them to have special polar properties? 

While the smectic C* phase was gradually becoming recognized, the question of 
ferroelectricity was again brought up by McMillan at the University of Illinois, Ur- 
bana, U. S. A. In 1973 he presented a microscopic molecular theory of the smectic C 
phase [ 171 based on dipole-dipole interactions, which predicted three different po- 
lar phases. McMillan’s model molecules have a central dipole and two outboard di- 
poles perpendicular to the long axis. Either all three can line up or only the outboard 
ones with the central dipoles random, or the central dipoles can line up with the out- 
board dipoles random. The transition from the A phase to these polar phases is thought 
to take place through different rotational transitions where the rotational freedom is 
lost or frozen out due to the dipole-dipole interaction. The net polarization in the 
condensed phases lies in the smectic plane and gives rise to a two-dimensional fer- 
roelectric. Actually, whether the order is ferroelectric or antiferroelectric depends on 
the sign of the interplanar interaction, which cannot be predicted. McMillan’s dipo- 
lar theory, which does not involve chirality at all, never really applied to liquid crys- 
tals and was rapidly superseded by the ideas of Meyer in the following year. 

In fact, the discovery and introduction of practically all polar effects in liquid crys- 
tals go back to the ideas of Meyer, at that time working at Harvard. In 1969 he pub- 
lished an epoch-making paper entitled Piezoelectric Effects in Liquid Crystals [ 181. 
It must be said that the new phenomena described in that paper are beautifully anal- 
ogous to piezoelectric effects in solids. Nevertheless they are of a different nature. 
Therefore de Gennes instead proposed the name flexoelectric [19], in order to avoid 
misunderstanding. Seven years later, together with his student Garoff, Meyer pre- 
sented a new, original effect which he called the piezoelectric effect in smectic A liq- 
uid crystals [20]. The analogies between this effect and the piezoelectric effect in 
solids are here perhaps even more striking, as we will see. However, it is not the same 
thing and, after much consideration by the authors, the new phenomenon was final- 
ly  published under the name electroclinic effect [21], a term which has since been 
generally adopted. In the following twenty years, there were numerous publications, 
in which different workers reported measuring a piezoelectric effect in liquid crys- 
tals (normally without stating what it meant and why they used this term). Obvious- 
ly, they meant neither the flexoelectric nor the electroclinic effect, because the mean- 
ings of these are by now well established. Therefore the question arises as to wheth- 
er a third effect exists in liquid crystals, which would finally qualify for the name pi- 
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ezoelectric. Obviously, this state of affairs is not very encouraging. A critical review 
of the terminology is therefore necessary in this area and should contribute to clari- 
fying the concepts. 

Ferroelectric liquid crystals have been a field of research for about twenty years, 
and have certainly been in the forefront of liquid crystal research, with an increas- 
ing number of researchers involved. The first state-of-the-art applications have re- 
cently appeared. This account concentrates on the basic physics, but also treats in 
considerable detail the topics of highest relevance for applications. Literature refer- 
ences have been given, as far as possible, for topics that, for space reasons, could not 
be treated [8- 10,22-581. A big help for finding access to previous work is the bib- 
liography of [52], which extends to 1989, as well as the series of conference pro- 
ceedings published by Ferroelectrics [54-58a], covering a great deal of the work 
from 1987 to 1997. New ferroelectric liquid crystal materials are continually includ- 
ed in the Liqcryst-Database [59] set up by Vill at the University of Hamburg. 



2 Polar Materials and Effects 

2.1 Polar and Nonpolar Dielectrics 

A molecule that has an electric dipole moment in the absence of an external electric 
field is called a polar (or dipolar) molecule. Such a molecule will tend to orient it- 
self in an electric field. In a material consisting of polar molecules, the induced po- 
larization P due to the average molecular reorientation is typically 10-100 times larg- 
er than the contribution from the electronic polarization present in all materials. In 
contrast, a nonpolar molecule has its distributions of positive and negative charges 
centered at the same point. A characteristic of materials consisting of nonpolar mole- 
cules is that the polarization P induced by a field E is small and independent of tem- 
perature, whereas in the first-mentioned case, P is a function P(T) with an easily ob- 
servable temperature dependence. Hence the same goes for the dielectric constant E 

and the susceptibility x. 
If we write the relations between dielectric displacement D,  induced polarization 

P,  and applied electric field E ,  assuming that P is linear in E 

we get 

with E~ as the relative, E as the total dielectric constant or permittivity, and % the per- 
mittivity of free space, where %=8.85x C V-' m-'. It will later be necessary 
to consider that E and x in reality are second rank tensors, and in that context we will 
write Eqs. (1 )  and (2) in the corresponding forms 

and 

(2.2b) 

The scalar dielectric susceptibility x in Eq. (2) is, like E,, a dimensionless number, 
and lies in the range 0- 10 for most materials, although it may attain values higher 
than lo4 for certain ferroelectric substances. We will equally use this term, the sus- 
ceptibility, for its dimensional form 

As examples of nonpolar molecules we may take H,, O,, CO,, CS,, CH,, and 
CCl,, and as well-known polar molecules CO (0. lo), NH, (1.47), C,H,OH (1.70), 

= aP/aE. 
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H,O (1.85), C,H5NO2 (4.23),  where we have stated the value of the dipole moment 
in parentheses, expressed in Debye (D), a unit commonly used for molecules. One 
Debye equals lo-'' cgs units and, expressed in SI units, 1 D=3.3  x lop3' C m. For a 
comparison, let us consider a dipole consisting of two elementary charges +e (i.e., 
with e the charge of the electron, 1 . 6 ~  C) at a typical atomic distance of 1 %, 
or 0.1 nm from each other. This gives a dipole moment p = 4 d =  1 . 6 ~  O-I9x lo-'' 
= 1.6 x 0-29 C m equal to 4.85 D. Let us assume that we had a gas consisting of mole- 
cules with this dipole moment and that we had a field sufficiently strong to align the 
dipoles with the field. With a density N =  3 x lo2' molecules/m3 this would corre- 
spond to a polarization of P= 5 x lo4 C m-,= 50 nC cm-'. However, this is a com- 
pletely unrealistic assumption because the orientational effect of the field is coun- 
teracted by the thermal motion. Therefore the distribution of dipolar orientation is 
given by a Boltzmann factor ePUlkT, where U=-p . E  is the potential energy of the di- 
pole in the electric field. Integrating over all angles forp relative to E gives the po- 
larization P as a function of E according to the Langevin function L (to be discussed 
in Sec. 2.5) which expresses the average of cos(p,E), 

P = N~L(') ( 3 )  

shown in Fig. 2. For small values of the argument, L [pEl(kT)] -pEl(3kT), and thus 

N P ~  E p=-  
3kT ( 4 )  

corresponding to the linear part around the origin. However, even at a field 
E =  lo7 V m-', corresponding to dielectric breakdown, the value of pEl(kT) is only 
about 0.03 at room temperature, giving a resulting polarization of 1 % of the satura- 
tion value. A similar result would be true for the liquid phase of the polar molecules. 
In liquid crystal phases, it will generally be even harder to polarize the medium in 
an external field. In the very special polar liquid crystals, on the other hand, the re- 
verse is true: for quite moderate applied fields it is possible to align all dipoles, cor- 

L(x) 
I .o 

0.8 - 

I I I I  x=pmT Figure 2. The Langevin function 
1 2 3 4 5 6 7  L ( ~ ) = C O t h x - l / X .  
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responding to polarization values in the range of 5 -500 nC cmP2 (depending on the 
substance). 

According to Eq. (4), the polarization, at constant field, grows when we lower the 
temperature. By forming aP/aE, we may write for the susceptibility 

( 5 )  x=- C 
T 

The fact that the susceptibility has a 1/T dependence, called the Curie law, is char- 
acteristic for gases and liquids, but may also be found in solids. Generally speaking, 
it indicates that the local dipoles are noninteracting. 

For another comparison, consider a crystal of rock salt, NaCl. It has a x value 
of 4.8. If we apply the quite high but still realistic field of lo6 Vm-’ (1 V pm-’) 
we will, according to Eq. (2), induce a polarization of 4.25 nC cm-2 (or 42.5 pC m-2; 
the conversion between these units commonly used for liquid crystals is 
1 nC = 10 pC mP2). The mechanism is now the separation of ionic charges and 
thus quite different from our previous case. It turns out that the displacement of the 
ions for this polarization is about nm (0.1 A), i.e., it represents only a small dis- 
tortion of the lattice, less than 2%. Small displacements in a lattice may thus have 
quite strong polar effects. This may be illustrated by the solid ferroelectric barium 
titanate, which exhibits a spontaneous polarization of 0.2 C m-2 = 20 000 nC cm-*. 
Responsible for this are ionic displacements of about lop3 nm, corresponding to less 
than half a percent of the length of the unit cell. Similar small lattice distortions caused 
by external pressure induce considerable polar effects in piezoelectric crystals. 

When atoms or molecules condense to liquids and solids the total charge is zero. 
In addition, in most cases the centers of gravity for positive and negative charges co- 
incide. The matter itself is therefore nonpolar. For instance, the polar water mole- 
cules arrange themselves on freezing to a unit cell with zero dipole moment. Thus 
ice crystals are nonpolar. However, as already indicated, polar crystals exist. (In con- 
trast, elementary particles have charge, but no dipole moment is permitted by sym- 
metry.) These are then macroscopic dipoles and are said to be pyroelectric materi- 
als, of which ferroelectrics are a subclass. Pyroelectric materials thus have a macro- 
scopic polarization in the absence of any applied electric field. Piezoelectric mate- 
rials can also be polarized in the absence of an electric field (if under strain) and are 
therefore sometimes also considered as polar materials, though the usage is not gen- 
eral nor consistent. Clearly their polarization is not as “spontaneous” as in the pyro- 
electric case. 

Finally, there seems to be a consensus about the concepts of polar and nonpolar 
liquids. Water is a polar liquid and mixes readily with other polar liquids, i.e., liq- 
uids consisting of polar molecules, like alcohol, at least as long as the sizes of the 
molecules are not too different, whereas it is insoluble in nonpolar liquids like ben- 
zene. If in liquid form, constituent polar molecules interact strongly with other po- 
lar molecules and, in particular, are easily oriented in external fields. We will also 
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use this criterion for a liquid crystal. That is, we will call a liquid crystal polar if it 
contains local dipoles that are easily oriented in an applied electric field. 

2.2 The Nonpolarity of Liquid Crystals in General 

The vast majority of molecules that build up liquid crystal phases are polar or even 
strongly polar. As an example we may take the cyanobiphenyl compound 8CB 
(Merck Ltd) with the formula 

which has an isotropic -nematic transition at 40.1 "C and a nematic to smectic A tran- 
sition at 33.3 "C. Whereas the molecules are strongly polar, the nematic and smectic 
A phases built up of these molecules are nonpolar. This means that the unit vector n, 
called director, describing the local direction of axial symmetry, does not represent 
a polar direction but rather one with the property of an optic axis. This means that n 
and -n describe the same state, such that all physical properties of the phase are in- 
variant under the sign reversal of n 

n + -n, symmetry operation (6) 

Repeatedly this invariance has, somewhat carelessly, been described as equivalent 
to the absence of ferroelectricity in the nematic phase, whereas it only expresses the 
much weaker condition that n is not a polar direction. 

How can we understand the nonpolarity expressed by Eq. (6), which up to now 
seems to be one of the most general and important features of liquid crystals? Let us 
simplify the 8CB molecules to cylindrical rods with a strong dipole parallel to the 
molecular long axis. In the isotropic phase these dipoles could not build up a mac- 
roscopic dipole moment, because such a moment would be incompatible with the 
spherical symmetry of the isotropic phase. But in the anisotropic nematic phase such 
a moment would be conceivable along n. However, this would set up a very strong 
external electrostatic field and such a polar nematic would tend to diminish the elec- 
trostatic energy by adjusting the director configuration n(r) to some complex con- 
figuration for which the total polarization and the external field would be cancelled. 
Such an adjustment could be done continuously because of the three-dimensional 
fluidity of the phase. It would lead to appreciably elastic deformations, but these de- 
formations occur easily in liquid crystals and would carry small weight compared to 
the energy of the polar effects which, as we have seen, are very strong. Thus it is hard 
to imagine a polar nematic for energetic reasons. Moreover, the dipolar cancellation 
can, and therefore will, take place more efficiently on a local scale. This is illustrat- 


