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INTRODUCTION 

The last decade has seen a tremendous growth in the research and 
development activities in the area of ferroelectric liquid crystals. The 
field was opened up by the work of Meyer in 1974,’ and has now 
grown rapidly into one of the major research areas in liquid crystal 
science. The emphasis of the earlier work was on basic material 
characterization and phenomenology. Only very few liquid crystalline 
compounds exhibiting a ferroelectric phase were known at that time, 
and furthermore these Schiff-base organic compounds were chemi- 
cally and thermally unstable and presented their ferroelectricity only 
at elevated temperatures. After the work by Clark and Lagerwall in 
19802 on a fast electro-optic effect in a surface-stabilized ferroelectric 
liquid crystal (SSFLC) structure, both basic and applied research have 
accelerated, and today a great number of papers deal with devel- 
opment and characterization of ferroelectric compounds and mixtures 
and various aspects of device physics and manufacturing. It is of some 
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440 K.  SKARP AND M. A. IIANDSCHY 

interest in the present review to  try to quantify this growth by plotting 
the number of research papers per year versus year. Such a plot is 
shown in Figure 1 ,  where the development in solid state ferroelectrics 
is also shown. 

Extensive chemical work on the synthesis of new, chemically stable 
ferroelectric smectic compounds and mixtures has recently yielded 
useful materials for a variety of applications and devices. Basic phys- 
ical problems of significant current interest are the Landau type de- 
scription for the smectic A-smectic C transition and the switching 
mechanisms and states. It might be anticipated that the development 
of other fundamental areas such as a proper continuum mechanical 
description of thc ferroelectric smectic phases, corresponding to the 
successful Leslie-Ericksen nematic theory, and applications of the 
method of molecular dynamics computer simulations to these phases, 
will be significant over the next few years. 

Concentrating on the application potential of these new materials, 
the present paper attempts to cover some of the important achieve- 
ments in the format of a short review. Since the subject is very broad, 
ranging from chemistry, crystallography, optics, physics and elec- 
tronics to device aspects, it is necessary to be quite selective about 
what to include. Our aim is to emphasize phenomenology, material 
characterization and properties of relevance for applications, rather 
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FERROELECTRIC LIQUID CRYSTALS 44 1 

than trying to be exhaustive on the physico-chemical and molecular 
aspects of ferroelectric liquid crystals. An introductory section is de- 
voted to the ferroelectric smectic phases, focussing on the structural 
properties of the smectic C* phase. The larger section on macroscopic 
phenomenology deals with the experimental tools for studying fer- 
roelectric liquid crystals and discusses basic phenomena encountered 
in such studies. Topics of great current interest such as the soft-mode 
ferroelectric effect, the smectic C* rotational viscosities and the di- 
electric properties are covered in some detail together with more 
conventional subjects like the spontaneous polarization and the hel- 
ical pitch. Theoretical attempts, employing a Landau free energy 
expansion, to obtain a coherent picture of the thermodynamics of 
the macroscopic parameters are mentioned in the concluding section 
dealing with fundamental phenomenology. 

The second part of the paper covers the basics of ferroelectric liquid 
crystal device physics and implementations. The principles for SSFLC 
electro-optics are given, with emphases on director structures and 
responses. Linear and matrix arrays, as well as optical shutters and 
modulators, exemplify the large variety of FLC applications currently 
under investigation. The review is concluded with a section on optical 
computing applications of ferroelectric liquid crystals. 

MATERIAL PROPERTIES 

The Ferroelectric smectic phases 

It is generally known in solid state physics that some dielectrics exhibit 
the property that a nonzero and permanent value of electric polari- 
zation, known as spontaneous polarization, exists in the absence of 
an applied field or stress. Such dielectrics are termed polar materials. 
If furthermore the direction of spontaneous polarization can be changed 
by an applied electric field, the name ferroelectric is used to denote 
this sub-class of polar materials. The term ferroelectric is derived 
from analogy with ferromagnetic materials in that both types of ma- 
terials possess domains, exhibit hysteresis loops and show Curie- 
Weiss behavior near their phase transition temperatures. 

Ferroelectricity in solid crystals has been known since 1921, when 
a Rochelle salt was discovered to exhibit dielectric hysteresis indi- 
cating a spontaneous electrical polarization. Ferroelectricity in liquid 
crystals was first demonstrated in 1975 in a paper by the physicist R. 
B. Meyer together with the chemists L. Liebert, L. Strzelecki and P. 
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442 K.  SKARP AND M. A. HANDSCHY 

Keller.' They were able to show the presence of a spontaneous po- 
larization by investigating the behavior of DOBAMBC (decyloxy- 
- benzylideneaniline gethylbutyl cinnamate), a material synthesized 
ad hoc to exhibit the above-mentioned properties in having a C* 
phase. DOBAMBC has become a classic material in the field of 
ferroelectric liquid crystals, dealt with in numerous papers since then. 

A significant devel- 
opment in recent years is the smectic classification scheme according 
to miscibility c l a ~ s e s . ~  Out of the existing 12 such smectic miscibility 
classes, seven classes (C, I ,  F, G,  H,  J ,  and K) are characterized by 
a temperature-dependent tilt 8(T) between the director and the nor- 
mal to the smectic layers. If additionally the constituent molecules 
are chiral (thus exhibiting optical activity), these smectic phases are 
denoted C*, I*, F*, G*, H*, J * ,  and K*. Generally, the 10 crystal 
classes exhibiting a symmetry that permits a spontaneous polarization 
belong to the polar point groups C ,  (triclinic), C, and C4,, (tetragonal), 
C, and C,,, (hexagonal), C, and C,, (monoclinic), G,, (orthorhombic) 
and finally C3 and C,,, (trigonal). Examination of the point groups of 
the chiral tilted smectic liquid crystal phases reveals that C",  I * ,  F*, 
G*, H", J*  and K*, all of which belong to point group C,, have the 
necessary properties to allow for a spontaneous polarization. Hence, 
all these phases, shown schematically in Figure 2, are ferroelectric. 
It should be pointed out that the classification of the liquid crystal 
phases according to point groups is based on the time-averaged local 
symmetry of the phase in question. I t  should also be mentioned that 
regarding the smectic phases only the local symmetry (one layer) has 
been considered and no attention has been paid to the normally 
present helicoidal structures of the C", F" and I "  phases. This means 
that the spontaneous polarization of these three phases is only a local 
property of each layer and that i t  is globally averaged to zero as the 
direction of the polarization changes wtih the helix. Although C'K, F.* 
and I *  normally have a helicoidal structure this is not necessarily the 
case, even in a pure compound. There are two kinds of molecular 
interactions involved in the helix formation. These give rise to two 
different effects: a spontaneous twist which is due to the molecular 
chirality and a spontaneous bend which is a result of the polar sym- 
metry. These effects may act in opposite senses and thus, in principle, 
a ground state helix-free C* (or F* and I * )  can form (in a more or 
less narrow temperature interval) without a compensation of the po- 
larization. Helix-compensation in mixtures with non-vanishing P has 
been reported,4 and today forms one of several requirements on 
ferroelectric smectic C* mixtures for applications. 

C h i d  mid non-chiral tilted smectic phases. 
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FERROELECTRIC LIQUID CRYSTALS 443 

I /  N // It 
# # / / / / # p  
# / # # I # / /  
#PI# I I IP 

b b  Random molecular packing. 
pb b 
Db b b 

smectic C* No layer correlation. 
Short-range in-plane correlation. 
Molecules tilted. Helix structure. bbbmy 

t / b t / / t /  k ! ! ' .  ' 

#I##I##/ ' . bbb bb 
'"#"" ' 

H / # I I I t  ' . ' . ' . b b  

Pseudo-hexagonal molecular packing. 
Long-range layer correlation, 
Long-range in-plane comelation. 
Molecules tilted to apex. No helix structure. 

Pseudo-hexagonal molecular packing. 
Long-range layer correlation, 

Molecules tilted to side. No helix stsucture. 

### / I t##  is%%'. 
# # l d # # l /  . bb ' ' smectic J* 
#t##b l# /  . . bb 
#4/####4 . .  ' .  ' blBb bb 

Pseudo-hexagonal molecular packing. 
No layer correlation. 
Possibly long-range in-plane correlation. 
Molecules tilted to apex. Helix structure. 

Pseudo-hexagonal molecular packing. 

Short-range in-plane correlation, 
Molecules tilted to side. Helix stsucture. 

smectic I* 

smec.ic F* No layer correlation. 

. .  

llNII4I kabwia 
64fl#bN @67w3@b7 w b b  
##I# 1444 C@.@ .B !@ 

FIGURE 2 The seven tilted smectic phases C, I, F, G, H, J, and K. The corresponding 
chiral phases C*, I*, F*, G*, H*, J*, and K* exhibit ferroelectricity. Some of them 
(C*, I*, and F*) develop a helicoidal director structure as their ground state, while in 
the crystal variants G*, H*, J* ,  and K* the helix seems to be suppressed (From Ref. 
3) .  

Ferroelectric smectic C* compounds and mixtures. The synthesis 
of new families of chiral and non-chiral tilted smectics is a major 
driving force in the whole field of ferroelectric liquid crystals, and 
several hundred substances exhibiting one or more ferroelectric smec- 
tic phases have been reported. A complete coverage of new materials 
would therefore in principle require a separate review. Hence, we 
merely specify some prominent synthetic achievements made in the 
last years, referring to the original literature for further chemical 
detail. As already mentioned, the first-generation Schiff-base mate- 
rials, such as DOBAMBC, HOBACPC and the MORA- and MBRA 
series, did not satisfy basic requirements of chemical and thermal 
stability. In Table I we summarize some recently reported molecular 
structures with potential usefulness in mixtures for applications. 

Herringbone molecular packing. 
Long-range layer correlation. 

smectic K* Long-range in-plane correlation. 
Molecules tilted to side. No helix structure. 

Herringbone molecular packing. 
Long-range layer correlation. 

Molecules tilted to side. No helix structure. 
smectic "* Long-range in-plane correlation. 
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446 K. SKARP AND M. A. HANDSCHY 

The development of multi-component mixtures is a prerequisite 
for the production of FLC materials that can be technically useful. 
For the realization of broad range FLC-mixtures, one may essentially 
use one of two different approachcs. The most conventional one, 
analogous to the method of developing commercial nematic mixtures, 
is to use only or at  least mainly smectic C”-substances in the mixtures. 
The other approach is to dope a non-chiral smectic C-mixture with 
suitablc chiral dopants to induce a smectic C* phase. Disadvantages 
of the first solution are higher viscosities of chiral compounds because 
of the branched chain compared to non-branched systems. Addi- 
tionally, chiral compounds are more expensive. In the second concept 
we have to optimize a non-chiral smcctic C-mixture with a low vis- 
cosity and also consider the effect of the chiral dopants on the tran- 
sition tcmperatures, on the spontaneous polarization and on the 
switching time of the resulting smectic C*-mixture. Examples of com- 
mercial mixtures in general use are CS-1011 from Chisso, ZLI-3488 
from Merck and SCE-4 from BDH. 

Structure o f the  smectic C” phase. From an experimental point of 
view, it is in general necessary for the evaluation of material param- 
eters to have a model for the structure of the sample. Such a model 
might be introduced on different levels: First it is necessary to discuss 
the physical properties in terms of macroscopically averaged quan- 
tities that are defined in the framework of a phenomenological theory, 
In  the case of the chiral smectic C phase, the notations and ideas are 
often taken from statistical and dynamical descriptions of nematics. 
We use the notion of a “nematic-like description” in order to em- 
phasize this situation. A more complete, thermodynamic description, 
like thc hydrodynamic description for nematics, is not yet established 
for the case of chiral smectics. 

Referring to Figures 3a and 3b, onc might consider the molecules 
in the smectic C* phase to form a layered structure, the thickness of 
one layer being typically of the order 20-30 A. From X-ray studies 
one concludes that the molecular centers are packed in a random way 
within the layers. The molecules tilt from the layer normal by the 
angle 8. As for nematies the average direction of the molecular long 
axis is denoted the director, n. The spontaneous polarization P is 
given by 

P = P , z  x n (1) 

As for most liquid crystalline phases, the variation in space of the 
vectors characterizing the structure at hand might be extremely com- 
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FERROELECTRIC LIQUID CRYSTALS 447 

FIGURE 3a Helicoidal smectic C* 
structure. 

Non-hcUr0id.l mnectic C* structure 

FIGURE 3b Non-helicoidal 
smectic C* structure. 

plicated in a general case. For the object of studying physical param- 
eters like dielectric constants and refractive indices, as well as the 
spontaneous polarization P, and pitch Z, it is of great importance to 
work with well-aligned samples in simple geometries. Two important 
limiting cases with the layer normal uniform in the sample are shown 
in Figure 3. In Figure 3a the director spirals on a cone when moving 
in the z-direction so that a helicoidal structure with a characteristic 
pitch Z is formed. This structure is the “natural” one for the chiral 
smectic C phase, and is adopted when the liquid crystal is free from 
influences of body forces, external fields or surface conditions. The 
geometry in Figure 3a is mostly used in helical pitch measurements, 
although also dielectric measurements have been performed in this 
geometry. In Figure 3b we illustrate the case when the helix is absent. 

To establish the relative direction of the spontaneous polarization, 
consider one isolated layer of a C* phase. The C” phase belongs to 
the point group C, and consequently possesses a two-fold axis of 
rotation as its sole symmetry element. If the symmetry operation 
(rotation around the C,-axis) is applied to the medium, we can deduce 
that the polarization vector, P, can have a non-vanishing component 
only in the direction of the C,-axis, i.e. perpendicular to the direction 
of the tilt and to the director, n, see Figure 4a. This leaves us with 
two possibilities; the polarization can point in either of the two di- 
rections of the C,-axis. A distinction between the two situations has 
to be made in order to permit a complete description of the material 
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448 K. SKARP AND M. A. HANDSCHY 

properties. According to the convention of Clark and Lagerwall,‘ if 
z, n and P form a right-handed system the polarization is positive, 
should they form a left-handed system it is negative, cf. Figure 4b. 
From this discussion we can also conclude that the molecular con- 
tributions adding up to Y are the dipole components directed along 
the C,-axis. 

For spontaneous polarization measurements, one might unwind the 
helix by a sufficiently large electric field, thereby orienting all dipolcs 
and creating a structure with uniform P (and n). In this situation also 
8 can be measured. Alternatively, the boundary conditions of the cell 
are such that the helix is suppressed by surface stabilization (SSFLC- 
cell), as already discussed above. In the simplest type of such a cell 
w e  can have a uniform director and polarization vector also without 
an applied field. 

While the notions of layer normal, tilt angle, optic axis (in the 
approximation that the C*-phase can be considered uniaxial), helical 
pitch, and even the spontaneous polarization, are rather straightfor- 
wardly given an intuitive, geometric interpretation, it is more difficult 
to have such an immediate understanding of the elastic, viscous and 
dielectric properties of ferroelectric liquid crystals. This is particularly 
true when size and boundary effects are considered. Sometimes it 
seems that the “bulk” properties, even for the simple parameters, 
are impossible-to-reach idealizations, that often function more as 
guiding lines than giving the ultimate physical description of the phase. 
One can think of the difficulties encountered when measuring the 
helical pitch (extreme surface condition sensitivity), the tilt angle 
(strong electric field dependence near A-C transition where it is 
interesting to measurc it accurately; possibility of layer tilt in sam- 
ples), the spontaneous polarization (spurious current contributions, 

(;) -( ;) ==3 I (i) 

F I G U R E  4a C,-symmetry operation FIGURE 4b The direction of the spon. 
applied to B single layer C” (adapted frum taneous polxization P. 
[W. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
41

 1
9 

Fe
br

ua
ry

 2
01

3 



FERROELECTRIC LIQUID CRYSTALS 449 

layer tilt), the dielectric properties (surface condition sensitivity, ionic 
conduction compensation, high-frequency cut-off in samples), the 
visco-elastic properties (tentative physical model, complicated ex- 
perimental evaluation). 

Phenomenology 

The theoretical concepts usually introduced in the discussion of fer- 
roelectric liquid crystals could be described as being on a macroscopic 
phenomenological level. The liquid crystal is modelled as a continuum 
with certain structural and symmetry properties that are specified in 
terms of continuum variables, e.g., the director n(r,t) or the polari- 
zation vector P(r,t). By different kinds of experiment one may study 
specific physical properties of these materials, such as the dielectric 
and optical characteristics. The detailed interpretation of these ex- 
periments generally requires an explicit continuum model for the 
liquid crystal, or at least a macroscopic picture for the origin of the 
experimentally observable quantities. However, the further step of 
connecting the physical properties observed on a macroscopic level 
to molecular parameters is not necessary for understanding ferro- 
electric liquid crystal devices, since only continuum parameters are 
used for device modelling. This is true both for device statics (com- 
putation of possible equilibrium states and their optical properties) 
and device dynamics (computation of switching thresholds and dy- 
namics). The continuum concepts used are for example refractive 
indices, dielectric permittivity, spontaneous ferroelectric polariza- 
tion, orientational elastic constants and viscosity. Compared to the 
situation for nematic device modelling, the ferroelectric case repre- 
sents a greater challenge due to the larger number of continuum 
parameters and the more complex substrate-liquid crystal interface. 
Nevertheless, progress in FLC device modelling has been made, rang- 
ing from simplified and easy-to-use models to more complete nu- 
merical simulations. However, the origin of the macroscopic param- 
eters employed in these simulations can only be understood in terms 
of the molecular and fluid structure of the liquid. Thus the macro- 
scopic phenomenology forms a bridge between the device physics and 
the material science of ferroelectric liquid crystals. Consequently, the 
accurate experimental determination of macroscopic parameters has 
a two-fold aim: to enable device physicists to model and predict device 
performance, and to stimulate predictive theories relating macro- 
scopic properties to molecular and fluid structure, thus offering a less 
empirical approach to the molecular engineering of ferroelectric liq- 
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450 K. SKARP A N D  M. A.  HANDSCHY 

uid crystals. In the present section we try to convey the distinctive 
features of FLC phenomenology and also supply information on the 
sometimes rather unique experimental methodology that has been 
developed by several groups for easy and accurate determination of 
the most important macroscopic parameters. 

The most important material parameters from an application 
point of view, summarized in Table 11, are the sign and magnitude 
of the spontaneous polarization, the tilt angle, the dielectric ani- 
sotropy, the refractive indices and birefringence, and the rotational 
viscosity. From a theoretical point of view also the sign and mag- 
nitude of the pitch Z is of great importa'nce, particularly the tem- 
perature dependence near the smectic A* -smectic C* transition. 
Many studies have been directed to the measurement of P over the 
last years, and the experimental methods are now fairly well de- 
veloped. Therefore our description of the measurement of P is 
rather extensive. We have also found it relevant to include a dis- 
cussion on pitch measurements, because of the basic theoretical 
importance of this parameter. Tilt angle measurements, on the 
other hand, are usually performed with rather standard optical 
techniques, so we do not find it necessary to discuss them at length 
here. Some novel methods for viscosity determinations are dis- 
cussed. The dielectric properties of ferroelectric liquid crystals are 
discussed with emphasis on the principally new phenomena en- 
countered in the smectic C* phase. 

TABLE I1 

The most important macroscopic parameters for the smectic C* phase. 

Fcrroclcctric polarization P (sign and magnitude) 
Smrctic t i l t  angle 
Dielectric anisotropy 
Refractive indict.> 

Birefringence 

0 
A& (sign and magnitude) 
nu. n1 
An 

Rontional viscosity ye. Yq 
Elastic constants 

Helical pitch in C* phase 
rlelical pitch in N* phase 
Electrical conductivity 0 

Pyroelecmc coefficient Y 

K 1, K2, Kg 
ZC* 
2" 

YI.Y2 Surfcce anchoring coefficients 

(sign and magnitude) 
(sign and magnitude) 
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FERROELECTRIC LIQUID CRYSTALS 4.5 1 

The spontaneous ferroelectric polarization. Values for the spon- 
taneous polarization in solid ferroelectrics typically fall in the 1- 100 
pC/cm2 interval, while in smectic C* liquid crystals values between 
1 and 100 nC/cm2 usually are found in new substances. The polari- 
zation value in e.g. DOBAMBC would be close to the cited solid 
state values if all the molecules were rigidly lined up so that the 
molecular dipoles could contribute fully to the net macroscopic po- 
larization. Because of the nearly complete rotational freedom around 
the long molecular axis in the C" phase, though, usually only a few 
percent of the maximum values are measured. In phases with a stronger 
rotational hindrance, such as the smectic I* or  G* phases, one might 
expect to find much higher polarization values, but experimental 
results for these phases are still scarce. The very few cases with 
ferroelectric polymer liquid crystals studied so far show a spontaneous 
polarization comparable to low-molecular weight liquid crystals in 
the C* phase.' 

Measurements of the spontaneous polarization are of fundamental 
importance in the study of ferroelectric smectic liquid crystals. Var- 
ious methods have been used to measure this quantity, and we will 
review them shortly in what follows. For routine measurements one 
often employs polarization switching techniques using an external a x .  
electric field, but also pyroelectric methods are in frequent use, es- 
pecially in the Soviet Union. More occasionally used methods have 
been shear 

In the case of ferroelec- 
tric smectic liquid crystals, the detailed interpretation of the current 
responses from externally applied, time-dependent electric fields is 
still an area of active development. Complicating factors are the 
dielectric anisotropy, the surface effects and non-uniform director 
structures, and the conductivity of the samples. In this situation it 
might be worth while to consider, for a moment, some basic dielectric 
relations. The relationship between the quantities E (the electric field 
vector), D (the electric displacement vector) and P (the polarization 
vector) can be illustrated by referring to the parallel-plate capacitor 
in Figure 5. 

The electric field is a measure of the local field due to all charges, 
both free and bound, while the displacement D is a measure only of 
free charges. The vector P measures only polarization charges. From 
electrostatics, the relation between these three vectors are D = 

eOE + P. To the vector P we can in general have several contributions 

light scatteringsb and various indirect methods. 

Dielectric versus ferroelectric responses. 
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I i  + + + + + 
1 

d 

.......................................... 

-0 
FIGURE 5 
tree surface charge den5ity -em and suiface polarization chargc dcnsity -tP 

Parallel-plate cdpacltor with d dielectrlc blab of perrnittlvity showlng 

where Pin,, is the familiar dielectric polarization originating from in- 
duced dipole moments. For linear dielectrics we may write 

where E” is the permittivity of free space, E” = 8.85*10-’2 F/m and 
x, is the electric susceptibility tensor. The term Pperm originates from 
the spontaneous ferroelectric polarization in the smectic C* phase. 
The relation between Pperll, and E is in general not explicitly analyzed 
as for Plrld. (In the case of solid ferroclectrics, a critical expansion of 
E is often used to  model the hysteresis in the P-E curve). The con- 
tribution from P,,,,, comes from bulk charges moving in the applied 
field, and also possibly from injected surface charges at the electrodes. 

The underlying principle for the experimental study of ferroelectric 
phenomena is now to choose an experimental tool that is sensitive 
to Pperm, at the same time discriminating influences from other po- 
larization sources such as p,,, and Pilld either by direct “hardware” 
compensation as in the bridge method, or by “software” compen- 
sation in the computer evaluation as in the square wave and triangular 
wave methods to be described later. 

In general, one may characterize the different responses from a 
dielectric slab by the diagrams in Figure 6 .  The difficulty we face 
when studying ferroelectric liquid crystals is the simultaneous pres- 
cncc of strong non-linear dielectric response and ferroelectric polar- 
ization response. For example, also in a nematic liquid crystal we can 
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FERROELECTRIC LIQUID CRYSTALS 453 

obtain a dielectric response of the form shown in Figure 6c below. 
This originates from thresholds in reorientation processes of the di- 
rector. An example of such a threshold is the familiar Frederiks- 
transition, that causes a marked reorientation of the director at a 
certain voltage threshold, which in turn leads to a sudden change in 
the dielectric constant and thus in the cell capacitance. This produces 
a change in the slope of the P-E curve. 

In an actual switching experiment, it is not difficult to imagine that 
a hysteresis loop may easily develop from the “pure” dielectric curve 
in Figure 6c. The creation of disclinations, non-elastic changes of 
boundary conditions, etc., make for a hysteresis curve to occur. This 
curve is no sign of spontaneous polarization, though. Also for fer- 
roelectric smectics characteristics like the one in Figure 6c have been 
evaluated to determine spontaneous polar i~a t ion .~  However, these 
measurements generally give poor agreement with other methods, 
and should be avoided as a method for measuring spontaneous po- 
larization. Instead, they might be used to study surface-layer changes 
during the switching.’” 

Polarization switching techniques can be used for measuring the 
spontaneous polarization for ferroelectric smectics in much the same 
way that they have been used earlier when studying solid state fer- 
roelectrics. l1  However, some complications arise making the detailed 
interpretation of experimental data generally difficult. First of all, 
because of ionic conductivity in the liquid crystal, one can get erro- 

FIGURE h P-E responses of different dielectrics. a .  linear loss-less dielectric b.  lossy 
linear dielectric c .  non-linear loss-less dielectric d. non-linear lossy dielectric. 
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454 K .  SKARP AND M. A.  HANDSCHY 

neous responses that are very similar to fcrroelectric polarization 
switching. This is because the characteristic drift velocity of the ions 
gives a corresponding integrated peak contribution just as the one 
from polarization switching (and also with the same qualitative elcc- 
tric field dependence). Thus observations, made more than twenty 
years ago, even led to the conclusion of the existence of a ferroelectric 
nematic phase.” A hysteresis loop was observed also in the isotropic 
phase, however, and it seems clear now that these effects are con- 
nected to the liquid crystal studied being a non-linear lossy dielectric 
material (in all the fluid phases) rather than a material with spon- 
taneous parallel ordering of the electrical sense of the dipoles. The 
absence of second harmonic generation is further evidence against a 
macroscopic dipole ordering in the nematic phase. But, as we pointed 
out earlier, one nevertheless can observe ‘false’ hysteresis loops and 
transient current pulses. The non-linear ionic conductivity and pos- 
sibly other phenomena (such as active surface layers and electrolytic 
effects) responsible for this behavior are generally present also when 
we observe ‘true’ ferroelectric switching, thereby complicating and 
distorting these observations. 

As a second instance, when comparing liquid crystalline and solid 
state ferroelectric materials, we might point out the important role 
that the surface conditions play to establish the static dipole config- 
uration in the case of liquid crystalline ferroelectrics. There is, first 
of all, the distinction to be made between ‘thick’ and ‘thin’ sample 
cells. In ‘thick’ cells (thickness of the liquid crystal layer much greater 
than the helical pitch) the bulk structure with a helix nearly free from 
distortions is developed. In ‘thin’ cells, often used in polarization 
measurements, the cell surfaces induces boundary conditions of more 
or less complicated nature for the director and the polarization vector. 
The states occurring during the switching process are then given by 
balancing surface, electric field, elastic and viscous effects, which 
generally produces a too complicated mathematical description of the 
process to be used in a measuring method. Some numerical work has 
been done in this area,I3,l4 but when relating to an experimental 
measuring situation one instead would like a simple analytical model 
that still, however, retains the essential features. We will later men- 
tion some recent such A further complication in the 
measuring situation is the difficulty to ascertain the orientation of the 
smectic layers in the cells (they are often tacitly assumed to be per- 
pendicular to the boundaring glass plates). It seems today reasonable 
to assume that much experimental work has been done with cells 
with different layer tilts. Results from cells with differents tilts will 
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FERROELECTRIC LIQUID CRYSTALS 4.55 

immediately yield systematic but hard to correct errors. For example, 
the work on DOBAMBC during the last several years, yielding results 
for P, between 1 and 10 nC/cm2, might well, at least in  part, be due 
to differing layer tilts. Very recent X-ray work has tried to elucidate 
smectic layer tilt in thin cells,” and further work to ascertain knowl- 
edge about the smectic layer tilt is certainly needed, also directed to 
studies on how this tilt might be influenced by the applied electric 
field during polarization switching. 

In the experimental study of the ferro- 
electric hysteresis loop one employs variations of the original Sawyer- 
Tower capacitance bridge set-up.”’ The basic circuit is shown in Figure 
7 below. The application of a large sine-wave voltage to a linear or 
non-polar dielectric material results in a current flow which varies 
sinusoidally with time. By Comparison, a typical non-linear or polar 
dielectric material will have a current flow with contributions from 
dipolar switching in the material, usually in the form of current peaks. 
The electrical non-linearity is often displayed as a function of the 
driving signal rather than as a function of time. This i s  done using 
the bridge circuit in Figure 7. An integrating linear capacitor C is 
placed in series with the polar material. The value of C is chosen to 
be large enough so that most of the voltage drop in the circuit will 

Ferroelectric hysteresis. 

FIGURE 7 The principle for the Sawyer-Tower bridge method for measurement of 
spontaneous ferroelectric polarization. The capacitor C is a linear dielectric, while the 
sample forms a non-linear dielectric with capacitance much smaller than the reference 
C. 
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456 K. SKARP AND M. A. HANDSCHY 

occur across the polar material, and thus the voltage at x is a close 
approximation to the voltage across the polar dielectric material. The 
voltage developed across C is 

uc = - id2 C 'I (4) 

and hence the voltage at point y is proportional to the charge q flowing 
through the polar material. By connecting points x and y to the X 
and Y plates of an oscilloscope one can obtain the q versus V char- 
acteristics of the polar dielectric material. Today digital memory os- 
cilloscopes are readily available to record and also evaluate the hys- 
teresis loop. 

In order to compensate for the phase shift in the current response 
signal, one usually introduces a phase compensating circuit, and fur- 
ther one makes the resulting bridge symmetric by introducing another 
capacitor. Usually also an operational amplifier is employed to act 
as a high impedance current amplifier. The spontaneous polarization 
is directly read on the y-axis, as the amplitude of the hysteresis loop 
is equal to 2P. 

The resulting circuit2' shown in Figure 8, can be considered a stand- 
ard circuit for measuring the spontaneous polarization by the hys- 
teresis method, and is now used in many laboratories for routine 
measurements on new substances. It is a quick and direct method 
not requiring computer assistance, and it has a further advantage of 
being very sensitive (spontaneous polarization values down to 0.01 
nC/m2 can be detected in high-resistivity samples). 

Polarization reversal currents. Instead of studying the polarization 
current as a function of applied electric field, as in the hysteresis loop 
method, one may alternatively measure the transient current obtained 
when making a polarization reversal in the sample by changing the 
polarity of the field. The experimental method involves applying a 
step function electric field to the sample and measuring the displace- 
ment current density J = dPidt as a function of time. This type of 
experiment was first carried out on solid state ferroelectrics in 195422 
and was introduced for ferroelectric liquid crystals by Martinot- 
Lagardc in 1977.23 It is still probably the most direct method for 
studying the switching behavior of ferroelectric liquid crystals of low 
conductivity, and furthermore allows a simultaneous study of the 
electrical and optical propertics during switching. A typical experi- 
mental set-up for the square-wave method is shown in Figure 9. The 
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Sample 

1 Temp. 
control 

merator 
implifier 

- 

- 

- 
7 

MlNC 

Computer 

Functlon Current 

generator sensor 
Memory 

oscilloscope 
resistor 

Met t le r  

[Fp 52 J 

- 
Graphic 

prlnier 
= 

Digital memory 
oscilloscope 

'$1 
-I t' 

lOnF 

FIGURE 8 A standard measuring bridge for studying the ferroelectric polarization 
in chiral smectic liquid crystals. A high-voltage amplifier supports the bridge with 0- 
13OV AC voltage in the interval 1 Hz-100 kHz. The sample cell capacitor C, is balanced 
by the components C, and R, to yield a precisely compensated hysteresis loop. 

EXPERIMENTAL SET-UP FOR POLARISATION MEASUREMENTS 

FIGURE 9 A typical polarization reversal experimental set-up.z4 
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458 K.  SKARP A N D  M. A. HANDSCHY 

square-wave voltage, when applied to the sample, causes a reversal 
of the dipoles in the ferroelectric liquid crystal. The current associated 
with this process is measured as the voltage drop over a series resistor, 
and the signal is read into a memory oscilloscope. Usually the ex- 
perimental data are transferred to a computer for numerical integra- 
tion. 

The current measured through the sample when applying a voltage 
step is determined by several factors, as seen in Figure 10. The current 
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FIGURE 10 Switching current charactcristics with square-wave driving voltage." 
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FERROELECTRIC LIQUID CRYSTALS 450 

peak due to polarization reversal is usually well separated from the 
capacitive current (the transient exponential), and also from a con- 
ductive current peak often arriving later. 

By calculating the area under the polarization current peak, the 
spontaneous polarization is directly found from the formula 

P, = 1 i dtl2 A, ( 5 )  

where A, is the actively switching area of the ferroelectric liquid 
crystal. The problems usually encountered here are how to select the 
proper background to subtract, and the choice of start and endpoint 
for the integration. Such problems has led one to construct equivalent 
circuits for the liquid crystal cell, in order to isolate the ferroelectric 
component in the current response.24 Another approach is to analyze 
in more detail the current response in terms of a kinetic model for 
the switching process. In general, when comparing the results of the 
hysteresis loop method and the square-wave method on the same 
ferroelectric sample cell, the agreement is very good. For a few sub- 
stances we have found that the capability of the square wave method 
to better separate the current contributions is an advantage, or even 
in some cases is necessary to be able to perform the polarization 
measurement. The reason is that the hysteresis loop in such cases is 
too deformed for a meaningful evaluation. In still other cases, so far 
for two substances, we have found a good optical switching, indicating 
a polarization of the order of a few nC/cm2, and no disturbing con- 
duction current, but surprisingly seen no trace of the spontaneous 
polarization in the form of a hysteresis loop, even after several pu- 
rifications of the compounds. 

Excitation by triangular wave voltage. It is possible to produce 
the polarization reversal by a triangular wave instead of the voltage 
step described above.25 This method is quite common when studying 
ferroelectric polymers (e.g., PVDF,). It has the advantage over the 
square-wave method of not requiring high-speed switching electronics 
(in thin cells a rise time of less than one microsecond/100 volt is 
desired to be abIe to safely neglect the electric characteristics of the 
driving electronics). On the other hand the polarization reversal cur- 
rent will be smeared out, leading to some uncertainty when estab- 
lishing the correct background to subtract before integrating the peak. 
This uncertainty will especially affect the measured values near the 
smectic C*-A* transition. 
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Pyroelectricity in ferroelectric liquid crystals. An attractive pos- 
sibility to study the ferroelectric polarization in smectic liquid 
crystals is to take advantage of the temperature dependence of 
the polarization, especially near phase transitions.26 By heating 
the liquid crystal sample i t  is then possible to  detect the corre- 
sponding polarization current induced by change in net polari- 
zation. The existence of this pyroelectric effect does not rely on  
reversibility of polarization. In this sense pyroelectricity is a 
more general concept than ferroelectricity , where more or  less 
free dipolar rotation is assumed. Materials such as lead titanate 
and polyvinylfluoride belongs to this more general class of polar 
dielectrics, and are not ferroelectric. All ferroelectrics are of 
course pyroelecttic and their polarization can be measured by 
the pyroelectric technique. 

The sensitivity of the pyroelectric method 
magnitude of the pyroelectric coefficient y 

is dependent on the 

(6)  

which is typically of the order of C m-2  K- '  in the case of 
ferroelectric liquid crystals. The thermal energy needed to induce a 
temperature rise in the liquid crystal material can be transferred to 
the sample by several means. Mostly used so far have been the method 
of dissolving dye molecules in the liquid crystal, with a conveniently 
placed absorption band for the light source used.26 Alternatively, as 
in investigations of solid state ferro-electrics, one may deposite a thin 
heat absorbing layer of, e.g., gold on one of the glass plates in the 
sample.27 

For the experimental determination of the pyroelectric coefficient 
one generally needs to have a relation between several experimental 
factors such as the density p of the liquid crystal, the heat capacity 
c(T), an absorption factor q describing the fraction of thermal energy 
absorbed in the liquid crystal, volt-watt responsivity S(T) and geo- 
metrical factors such as the sample thickness d .  The basic relation 
used is 
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FERROELECTRIC LIQUID CRYSTALS 461 

where R, is a load resistance. The responsivity is the experimentally 
determined quantity. From the definition of y we get for the polar- 
ization P, 

where P,(T,) is the integration constant ensuring that P, is zero in 
the smectic A* phase above T,. A typical pyroelectric curve is shown 
below in Figure 11. 

Instead of directly determining the pyroelectric coefficient y by the 
measurement of S(T), one may alternatively measure the pyroelectric 
current 

d T  
i(0) = A y - 

dt 

that is generated as the temperature of the sample is slowly varied. 
Usually the thermal energy is supplied periodically with a frequency 
o from a light source. In the formula A is the electrode area and 
dTldt is the rate of heating or cooling of the liquid crystal. If dTldt, 
which depends on thermal and geometrical cell factors, is assumed 
constant, then i (w)  provides a measure of the relative change of the 
pyroelectric coefficient as a function of temperature. Integration yields 
the relative temperature dependence of the spontaneous polarization. 

- I I  
Tern peratu re 

FIGURE 11 
calculated polarization P. 

Typical experimental curves for the pyroelectric coefficient y and the 
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462 K SKARP AND M. A HANDSCHY 

If absolute values of the polarization are desired, one has to calibrate 
the measurement at some temperatures by using conventional hys- 
teresis or syuare-wave techniques. 

Pyroelectricity in ferroelectric 
liquid crystals is only one of several physical effects with great ap- 
plication potential that have been exploited very little so far. In the 
present section we will describe another potentially useful effect: the 
soft-mode ferroelectric effect in thc smcctic A *  phase.28 This effect, 

T h e  soft-mode ferroelectric effect. 

t 
L C  

FIGURE 12 Illustration of optic axis changcs in “bookshelf geometry” induced by 
soft-mode switching in the A*-phase. n,,, n,-positions of the director without and with 
field E. respectively; cp-angle of rotation of the director due to thc clcctric field. 
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FIGURE 13 Induced tilt angle versus applicd voltage in the A*-phase.’x 

called the “electroclinic effect” when studied in a thick sample with 
homeotropic orientation several years ago,29 is now found to be quite 
general for many studied substances, and also appears in smectic 
phases other than the A*  phase. It gives a very fast response, for a 
given substance typically about 100 times faster than the correspond- 
ing SSFLC mode at the same applied field. 

A convenient set-up for studying the soft-mode switching is shown 
in Figure 12. The sample is prepared between two I T 0  coated glass 
plates with etched electrodes to provide a well-defined switching area. 
The thickness of the liquid crystal layer is 2pm, and an excellent 
bookshelf geometry, indicated in the figure, is obtained by shearing. 
If an electric field E is applied across the chiral smectic above the 
C*-A* transition, the director will swing out an angle q(E) to the 
new position of the optic axis. Thus the smectic A* phase, in this cell 
geometry, can be considered a retardation plate with a field-sensitive 
optic axis. In Figure 13 is shown a typical plot of induced tilt angle 
versus applied voltage. The optical rise times show the general be- 
havior of Figure 14, with the characteristically divergent response 
times as the A*-C* transition is approached. Such behavior is man- 
ifested in the corresponding sharp decrease in the relaxation fre- 
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FIGURE 14 Optical rise timc as a function of temperature for soft-modc switching 
in the A*-phase.'H 

quency of the soft mode observed in the dielectric studies discussed 
in a later section. 

The soft-mode electro-optic effect can be used in several modes. 
With a polarizer setting symmetrical with regard to both tilt states 
there are two different optical extremum states corresponding to field 
off and maximum applied field, the effect being insensitive to the 
polarity of the applied field and giving an optical modulation fre- 
quency of 2w if a field of frequency w is applied. If instead asym- 
metrical polarizer setting is used, a device with three optical states 
could be obtained. 

Recently, several new compounds have been synthesized, showing 
larger field induced tilt angles than indicated in Figure 13. The soft- 
mode switching has also been demonstrated in compounds not ex- 
hibiting a C* phase below the A* phase, and room-temperature smec- 
tic A* mixtures"' have been prepared in order to facilitate device 
testing. 

An unambiguous definition of the macroscopic 
director tilt angle 0 is hard to achieve. A primary concern is the 
different tilt angles obtained when studying a substance with optical 
methods as compared to, e.g., X-rays determinations. Also the dif- 
ferent optical methods for tilt angle determinations sometimes show 
diverging results. On the other hand, accurate determinations of the 
tilt angle in various compounds is of great importance in Landau 
theories of the smectic A-C phase transition, as the tilt angle is 

The tilt angle. 
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FERROELECTRIC LIQUID CRYSTALS 465 

considered to be the primary order parameter driving the smectic 
A*-smectic C* transition. In one such Landau model, to be described 
in more detail in a later section, both the tilt angle and the sponta- 
neous polarization are predicted to be proportional to (T,-T)l’*, and 
thus their ratio should be constant. Experimentally, such behavior is 
indeed found in several instances, cf. Figure 15. In other instances 
the ratio P/B shows a drop at the phase transition. 

There are several reasons that a detailed knowl- 
edge of the temperature dependence of the helical pitch is of im- 
portance. From a theoretical point of view the behavior of the pitch 
near the smectic C* -smectic A* transition can discriminate between 
several possible Landau-type descriptions of the smectic C* phase. 
For applications based on the SSFLC-concept it is important in the 
display design to have thermal control over the helical pitch. 

We will discuss some methods that have been employed for the 
determination of the helical pitch in the smectic C* phase. The first 
estimates of the magnitude of the helical pitch were made already by 
Meyer when demonstrating the ferroelectric properties of DO- 
BAMBC.l In this experiment the focal conic texture, with the smectic 
layers perpendicular to the glass slides, was observed to contain par- 
allel stripes, that were interpreted to be a direct manifestation of the 
helicoidal structure in the smectic C* phase. The spacings between 
the fringes would then correspond to the full pitch for a true bulk 

The helicalpitch. 

FIGURE 15 
(from Ref. 31). 

Tilt angle, polarization and their ratio as a function of temperature 
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466 K. SKARP AND M. A .  HANDSCHY 

sample. Since then this direct microscopic method has been used for 
pitch measurements in many studies."-42 Refinements of the method 
have involved the use of strong magnetic field or surface coatings for 
better alignment. An example (for DOBAMBC) with this method is 
shown in Figure 16 below (from Ref. 35). 

A wedge-shaped sample is used in combina- 
tion with a homeotropic orientation of the smectic liquid crystal (smectic 
planes parallel to the glass slides). To produce the wedge a lens with 

surface treatment, e.g., with a CTAB surfactant and gentle shearing, 
it is possible to produce a homeotropic sample with oriented c-di- 
rector. By observing the successive Cano-disclinations, that divide 
areas in which the rotation of the c-director differs by 2 2 ,  the de- 
termination of the helical pitch is possible. A recent result is shown 
in Figure 17. The interesting result from the observations with this 
method is that a maximum in the pitch near the smectic C*-smectic 
A* transition is not observed. This is contrary to measurements by 
several other methods, and will be discussed below. 

In this method one also uses a homeotropic 
sample, and studies the selective reflection of light incident perpen- 
dicular to the smectic planes. A selective reflection band appears in 
the smectic C* phase at the wavelength h = 6 Z. A complication 
with the selective reflection method is that it is necessary (for the 

The Cano method. 

known radius of curvature has usually been e m p l ~ y e d . ~ "  43 B Y proper 

Selective reflection. 

Z I 
I 
I 
I 
I 
I 

I 

I 
I 
I 
I 
I 
I 
I 
I 

I 

I 
I 
I 
4 

FIGURE 16 Helical pitch by direct microscopical observation (adapted from Rcf. 
35). 
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Z 

‘+ 
T 

FIGURE 17 
using the Cano method. 

Qualitative temperature dependence of the helical pitch obtained by 

calculation of E )  to know the tilt angle and the refractive indices by 
independent measurements for the final determination of the pitch. 
For the refractive indices, one has taken values in the smectic A 
phase. The method has been used to establish that with the direct 
microscopic and diffraction methods really the full pitch is meas- 
 red.^^ A problem when using this method is the absorption of the 
IR-light in the glass slides.43 

The diffraction method. Probably the most widely used method 
for routine measurements of the helical pitch is diffraction of a laser 
light beam on the periodic helicoidal s t r ~ c t u r e . ~ ~ , ~ ~  When using very 
well oriented samples it is possible to obtain almost point-like dif- 
fraction spots, while in many instances one observes more arc-like 
diffraction patterns, indicating a not completely perfect parallelism 
in the smectic layer structure. However, such orientation quality is 
often good enough for pitch measurements. Usually one may observe 
up to 3rd or 4th order diffraction. The helical pitch Z is determined 
from the formula Z = NA[A + (bla)2]1’2 where N is the diffraction 
order, a is the distance on the screen between the central beam and 
the N:th order diffraction spot, b is the distance between the sample 
and the screen and A is the wavelength of the laser light. 

A question of consid- 
erable current theoretical interest is the behavior of the helical pitch 
near the smectic C* -smectic A* transition. According to classical 
Landau theory the pitch should be temperature-independent (see 
later section on thermodynamic models). Experimentally, a strong 
temperature dependence is found, especially near TAc. With the dif- 

The temperature dependence of the pitch. 
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468 K .  SKARP AND M. A .  HANDSCHY 

fraction and direct microscopic observation methods one has exper- 
imentally in the vast majority of cases found a maximum in the pitch 
near TA,, as in Figure 16, while very recent experiments with the 
Cano and selective reflection methods yield no such maximum, but 
instead a very clear divergence at TA, as already described. It has 
been known for a long time that the helical pitch is extremely sensitive 
to disturbances from the boundaring surfaces, and already at thick- 
nesses of hundred times the helical pitch might this influence be 
n ~ t i c e a b l e . ~ ~  The conclusion from such experiments is that measure- 
ments in the "bookshelf" geometry (with the smectic planes perpen- 
dicular to the glass slides) using any of the methods described above 
are likely to give a helical pitch somewhat shifted from the true bulk 
value. Thus, although recent Landau-theories, by including a bi- 
quadratic coupling term between P and z, seem to describe quan- 
titatively the helical pitch behavior near T,, as observed in the book- 
shelf geometry, the newer observations of a diverging pitch, made in 
a geometry where the boundary influence is minimal, demonstrates 
that the theoretical attempts to describe the temperature dependence 
of the helical pitch using various Landau expansions have to be re- 
considered from new premises. 

The rotutionul viscosities. The study of viscosity effects in the 
srnectic phases is in its infancy. The rotational viscosity in the smectic 
C* phase is thus not as firmly based on a continuum theoretical 
description as is the case for the corresponding nematic quantity yl. 
However, it is always possible to introduce a term of the form 

d+ 
dt 

to describe the viscous torque acting to reduce an existing angular 
velocity d+ldt. This is also the way one usually introduces the time- 
dependence in order to describe dynamical switching in ferroelectric 
liquid crystal ~ e l l s . ' ~ ~ ' ~ ~ ' ~ ~ ' ' ~ ~ ~  In the ncmatic case it is today estab- 
lished, through the Leslie-Ericksen continuum description, how this 
director torque is coupled to other director torques (e.g. of surface 
or external field origin), and also how it in general couples to the 
velocity field to introduce a flow in the liquid crystal. The prcsent 
situation for smectic C" liquid crystals is not equally well developed, 
but in order to describe, e.g., switching phenomena caused by the 
application of an external electric field, a description neglecting ma- 
terial flow effects and thus involving only the director equation is 
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FERROELECTRIC LIQUID CRYSTALS 469 

often employed. Moreover, one often studies the smectic far from 
phase transitions, so that the tilt angle 0 is considered constant; further 
the smectic layers are considered to be parallel. Even with these 
simplifying assumptions, the continuum description of the smectic C* 
phase becomes complicated.s"" 

Referring to Figure 18 
below, let us discuss the rotational viscosity in the smectic C* phase 
as related to the rotational viscosity in the nematic phase. One model 
that might be used is to consider the director in the smectic C* phase 
to be dynamically similar to a nematic director constrained to the 
cone 8 = constant. By dynamically similar we mean that the smectic 
c-director will be damped by a viscous torque that is just the z- 
component of the viscous torque acting on the n-director. The viscous 
torque on the n-director r" is given from the hydrodynamics of ne- 
matics as 

Scaling rule for the rotational viscosity. 

(11) r" = - ri x ?,li 

The direction of this torque is such that it always tends to diminish 
a director angular velocity that has been introduced by, e.g., an 

FIGURE 18 Definition of angles and vector notation in the mectic C pha5e. 
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370 K. SKARP A N D  M. A.  HANDSCHY 

application or removal of a shear flow or an external magnetic or 
electric field. Let us now calculate this torque for the polarly con- 
strained nematic director of Figure 18. The director may be expressed 
in polar coordinates as 

n, = sin0 coscp 

n, = sin6 sincp 

tzz = cos0 

The 2-component of the torque P is calculated to be 

If now the viscous torque on the smectic c-director is introduced in 
formal analogy with the definition of the viscous torquc in nemato- 
dynamics, we may write 

where yc is the rotational viscosity for the c-director. The 2-component 
of r' is found to be: 

r: = -yc(p. 

If we now compare the expressions for the n-director and the c- 
director. we can infer the relation 

The proportionality of the rotational viscosity yc to sin2 6 has also 
been concluded from a molecular statistical If sin2@ is taken 
to be the square of the order parameter in the C* phase, the result 
of the molecular model is analogous to the nematic case: If the ne- 
matic order parameter is S,  a scaling factor S2 is often used to facilitate 
comparisons between different compounds.s2 The experimental ma- 
terial is at present not large enough to enable a verification of the 
scaling rule given above, although some experiments independently 
determining y I  and 0 have been r e p ~ r t e d . ' ~  

One might ask whether a similar theory to the Leslie-Erickscn 
description for nematics has been developed also for smectic C*. 
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FERROELECTRIC LIQUID CRYSTALS 47 I 

Some such theories have recently been put f o r ~ a r d . ~ ” ” . ~ ~ ’ ~ , ’ ~  Th eY 
consider cases when one can neglect distortions of the smectic 
layers, so that these descriptions are in a way “nematic” descrip- 
tions for the smectic c-director introduced above. One result from 
these models is that 9 independent viscosities enter the description, 
compared to 5 in nematodynamics. The notation is analogous to 
the nematic case, if instead of the n-director we introduce the c- 
director. In addition, we need to introduce a third vector, besides 
c and v ,  namely the smectic layer normal k. It is the several possible 
relative orientations of vectors c, v and k,  in combination with 
different velocity gradients, that accounts for the large number of 
viscosities for the C-phase. Thus ten terms in the stress tensor, all 
describing coupling between orientation and flow in the C-phase, 
are required compared to three terms in the nematic case. Typical 
consequences of this coupling, such as flow alignment and backflow 
effects familiar from nematodynamics, thus in principle occur also 
in the smectic C-phase. However, since backflow effects do not 
seem to disturb FLC device performance, we will not pursue the 
discussion of these topics here. Rather we will describe, in a less 
formal way than so far, rotational viscosities in the nematic, smectic 
A and smectic C phases, cf. Figure 19. 

The notion “rotational viscosity”, as used in, e.g., dynamical models 
for the ferroelectric switching in the C*-phase, refers to the motion on 
the cone. Only very near to the smectic A phase is the tilt angle supposed 
to be influenced by the switching field for normal field strengths. On 
the other hand, in the smectic A phase the relevant coefficient for 
describing, for example, the soft-mode or electro-clinic switching, is of 
course ye. Thus, in a temperature region around the A-C transition, 
both Goldstone-mode (involving r,) and soft-mode (iivolving ye) switching 
are important, and indeed lead to an intricate switching behavior when 
both the phase and amplitude of the projection of the director on the 
smectic plane change during the switching. 

Measurements of the rotational viscosity. Measurements of rota- 
tional viscosity for nematics have been carried out for a long time 
using several The corresponding determinations for smec- 
tic phases are much less developed, regarding both the theoretical 
and the experimental situations. The rotational viscosity, discussed 
in the previous section, is of obvious importance when studying, e.g., 
dynamical switching phenomena in different FLC cell configurations. 
It is only very recently, though, that progress has been made in 
developing accurate and reasonably simple methods for viscosity de- 
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412 K.  SKARP AND M. A. HANDSCHY 

c 
I I 

Smectic A 

J 

Srnectic C 
FIGURE 19 The single rotational viscosity in the nematic and smectic A phases will 
be split into two in the srnectic C phase, associated with motion on the cone and tilt- 
angle variations, respectively. 

terminations. Such methods include pyroelectric techniques, electro- 
optic methods and measurements of the polarization current using 
square wave or triangular wave driving voltages. 

In the first reported measurement of rotational viscosity in a smectic 
C materiaP a magnetic field was used to lock the director, and the 
viscous torque was measured in a torsional pendulum set-up. Results 
show a drop in viscosity at nematic-smectic C transition, but is other- 
wise hard to interpret (a combination of two viscosities might be 
measured). Other mechanical methods giving information on the visco- 
elastic coefficients involve disturbing of the helix in the smectic C* 
phase by an alternating shear or Poisseuille flow, and measuring the 
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FERROELECTRIC LIQUID CRYSTALS 473 

current and studying the dynamic conoscopic p i c t ~ r e . ' ~ ~ ' ~  Because of 
complicated experimental set-ups, these mechanical methods are 
presently less popular. 

The pyroelectric effect has been used for about ten years studying 
polarization properties in ferroelectric s m e c t i c ~ . ~ ~  More recently, also 
information about viscosity has been extracted from these measure- 
ments.6" By using short laser pulses to induce the pyroelectric current 
and study the transient current decay, one may obtain the -ye viscosity. 
Combining pyroelectric results for -ye with electro-optic measurements 
of yq for the same substance makes a very interesting comparison of 
the two viscosities possible.61 

The most convenient way for studying the rotational viscosity is to 
use the same kind of cells as in the SSFLC-configuration. One can 
then measure the optical response time T on an applied voltage step,2 
and estimate the viscosity from the response time. The formula often 
used for evaluating the viscosity from such measurements is 

where the time is measured from 10 to 90 percent transmission be- 
tween crossed polarizers (cf. Figure 20a). 

This formula, assumed to apply for "bulk-switching," has later been 
given a founding in a calculation of electro-optic switching charac- 
t e r i s t i c ~ , ~ ~  which results in the formula 

being applicable in most cases (the numerical constant depends on 
dielectric anisotropy). The switching model is made for the region of 
electric fields (high enough field) where elastic effects can be ne- 
glected. 

In the method just described, one switches the c-director on the 
full half-cone (or nearly so), thereby being in a non-linear switching 
regime (driving torque is PEsincp, where cp takes on values between 
0 and n). A less violent method, more in the line of dielectric meas- 
urements, is to apply only a small alternating field and study the 
director deviations from an equilibrium configuration by an optical 
conoscopic method.48 

Studies of the polarization reversal current in ferroelectric liquid 
crystals were begun by Martir~ot-Lagarde.~~ The motivation was to 
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I 

I 1’1\ff: 

b 

C 

FIGURE 20 a. Electro-optical response curve. b.  Transient current from square- 
wave driving voltage. c. Response from triangular-wave excitation. 

evaluate the spontaneous polarization from these experiments, but 
later attempts were made also to get information for the rotational 
viscosity. Today, several simplified analytic switching models exist 
enabling a detailed evaluation of such polarization reversal experi- 
ments. 

The most important input parameter of relevance for the viscosity 
is the half-width of the current peak (cf. Figure 20b), while the peak’s 
position on the time axes is more complicated to evaluate. For de- 
termination of the viscosity one might use the formula for the half- 
width of the peak 

1 
yq = - 7, PE 

1.8 

Refinemcnts include considerations of the elastic (boundary) ef- 
fects,I6 dielectric torques,15 fluctuations” and layer tilt.62 It is now 
possible to account for asymmetric current peaks with several of these 
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FERROELECTRIC LIQUID CRYSTALS 475 

models, while a proper prediction of the position of the peak on the 
time axis seems to require consideration of elastic effects. 

Also the current response on a triangular driving voltage (cf. Figure 
2Oc) has been analyzed to yield information on the rotational vis- 
cosity.lx In the current peak one reads the maximum height 1; at the 
electric field Em and then the viscosity is given by 

In some cases cell conductivity makes it difficult to properly define 
a baseline for the current response, causing substantial uncertainty 
in the viscosity determinations. It is often useful in these instances 
to also make a measurement using square-wave driving voltage, of- 
fering time separation of the conductive current peak. 

It is instructive to make a 3D-graph of the time development of 
the polarization current response on a voltage step at time t = 0. 
Such a plot is shown in Figure 21. The computation is based on a 
simple switching model, where the polarization vector P at t = 0 is 
assumed to form a small angle (1" in the curves of Figure 21) to the 
applied electric field E. The time evolution is then governed by a 
torque balance between only two torques: the ferroelectric driving 

FIGURE 21 
puted with the rotational viscosity y, as parameter. 

Time development of the polarization reversal transient current com- 
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170 K. SKARP AND M. A. HANDSCIIY 

torque and the viscous damping torque. Between each curve the 
rotational viscosity yq is increased by about lo%,  so that there is a 
factor of about 3 in viscosity between the first curve (with the fastest 
current peak) and the last curve (with the slowest current peak). The 
area of the peaks, which is proportional to the spontaneous polari- 
zation, is constant, while the half-width of the peaks changes with 
viscosity according to the equation given above for square-wave 
switching. 

Taking the torque balance between the ferroelectric driving 
torque and the viscous damping torque, the governing equation for 
the azimuthal angle cp will be 

a'P y,+ - = PE sincp 
at 

with the solution 

cp tan - 
t 2 
- = In--- 
7 'Po tan - 

2 

where r = y,/PE and 'po = cp ( t  = 0). The polarization reversal 
current is given by 

. P .  
i = - sm2q 

7 

or explicitly as a function of time 

which gives the reversal current with P, yq and cpo as parameters. This 
formula is used for producing the 3D-graph of Figure 21. 

The electro-optic re- 
sponse times are in general determined by a combination of viscosity 
parameters and other parameters. If we neglect elastic torques on 
the director, we might easily estimate the importance of these dif- 
ferent parameters for the switching times. Starting with a purely 
dielectric switching, the important field coupling constant is the die- 
lectric anisotropy A€.  

Rotational viscosity and response times. 
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FERROELECTRIC LIQUID CRYSTALS 477 

The natural times for the equations in Figure 22 (often called bulk 
switching times) have characteristic field dependences according to 
the nature of the director torques. For a pure dielectric coupling, the 
switching time is inversely proportional to E2, while in the ferroe- 
lectric case it is inversely proportional to E .  The third equation de- 
scribing the soft-mode switching in the smectic A* phase yields a 
switching time independent of E. 

Concentrating now on a comparison between the ferroelectric and 
electroclinic switching near the transition, an outline of their tem- 
perature dependencies is shown below in Figure 23a. Assumptions 
for the curves are that the viscosity in the C* phase is proportional 
to 0 2 ,  while the polarization is proportional to 8. In the A* phase the 
critical behavior A = a(T-T,)-I is dominant. 

Experimentally it is found that for substances showing a strong 
softmode response in the A* phase, the switching time behavior in 
the transition region deviates from the idealized in Figure 23a. The 
viscosity in the A* phase can be estimated from the relation T~ = 

YN T -- 

2 

1 2 .  d0 -E,E ~11128 + yN- = 0 N - 1  2 2 dt -&,E 

% 
q -  PE T -- dv PEsincp+ y - = 0  

9 dt 

[A=2a(T-TC)] 

FIGURE 22 Simplified equations for pure dielectric, ferroelectric and electroclinic 
torque balance. The natural times in these equations, shown to the right, yield expres- 
sions for the response times. 
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TIME 

I TEMPERATURE 

a b 
FIGURE 23 a. Temperaturc dependencies for idealized ferroelectric (C") and soft- 
mode (A*) switching. h.  Rotational viscosities in thc A* and C* phases. 

yo/A. The thermodynamic coefficient A = 2a(T-T,) can be supplied 
from independent measurements of the temperature dependences of 
the heat capacity and the tilt angle. If thus heat-capacity measurementsh' 
for DOBAMBC, giving a = 22000 J/m3 K, are combined with recent 
experimental data for a similar substance with strong soft-mode re- 
sponse, DOBA-l-MPC,2X ye in the smectic A* phase might be esti- 
mated. In the C* phase yq is obtained with the electro-optic response 
time method described above. For comparison a typical nematic vis- 
cosity y I  is also shown in Figure 23b. For 8 = 0.3, it is found that 
ye scales approximately according to ye - y,sin2tt. 

Dielectric studies of liquid crystals pro- 
vide valuable information of great interest both from fundamental 
and applied aspects. For non-chiral liquid crystals, it has been possible 
to extract some information about the dipolar ordering for the ne- 
m a k h 4  smectic Ab4 and smectic Chi phases. The dielectric relaxation 
behavior contains interesting indications concerning the possible mo- 
lecular motions, which are mainly of non-collective type, for instance 
molecular rotation? around the long and short molecular axes. The 
major technological significance of dielectric studies at present is the 
importance of the dielectric anisotropy A€ for display applications. 

Chiral liq- 
uid crystals (especially smectic phases) exhibit a rich variety of fun- 
damental dielectric phenomena, many of them of immediate tech- 
nological importance. A recent example is the observation of an 
additional dielectric response in the chiral smectic A phase (the A* 
phase) in the perpendicular component of the static dielectric constant 
cL. This additional contribution AeA to the dielectric response is at- 
tributed to the distortion of the tilt angle 8,  the so-called soft-mode" 

The dielectric constants. 

Gold.stone mode and soft-mode dielectric contributions. 
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32 3 3  3 4  35 36 
Temperature "C 

32 33  3 4  35 36 37 30 
Temperature "C 

FIGURE 24a Dielectric constant FIGURE 24b Dielectric constant in- 
increment in the C' phase. crement in the C* phase for different 

frequencies. 

ferroelectric effect. In the ferroelectric smectic C* phase itself, there 
are two types of deformations. The first one is the soft-mode-as in 
the A* phase-and the second one is helix deformation or the de- 
formation connected with the change in azimuthal angle cp, the so- 
called Goldstone mode. 

Using a Landau free energy expansion for the A*-C* transition, 
the dielectric increment in the A* phase 4eA* and in the C* phase 
4 ~ p  are given byh7 

4+* = ~IT(C*X*/K~*  + CZX2/[Kq2 + 2a(T-T,)]} (26) 

where x is the high temperature susceptibility, C is a constant which 
represents the coupling between the spontaneous polarization P and 
the tilt angle 8, q = 2 d Z ,  Z being the pitch of the smectic C* helix, 
K = K,, - xp2, where K,, is the bend elastic constant and p is the 
flexoelectric constant. The function 4eC* given above has its maxi- 
mum for T = T, contrary to the typical experimental result shown 
in Figure 24, which shows a maximum a few tenths of a degree below 
T,. Further attemp@ have been made to improve the theoretical 
situation by considering a strong biquadratic interaction between the 
primary phase transition order parameter and the polarization P. The 
temperature dependence of the soft-mode response has the form 
of Curie-Weiss law, but the divergence at T, is cut off as shown in 
Figure 25. The Goldstone mode and soft mode dielectric contributions 
shown in Figures 24 and 25 are two characteristic features in the 
dielectric behavior of ferroelectric liquid crystals. 
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-1.0 0.0 1.0 2.0 3.0 4.0 

1 - T  ~ 

lemperaturedspendencsol Ih? soft mu33 raspmcs 

FIGURE 2.5 Temperatux dependence o f  the soft-mode rcsponse. 

As already mentioned, the possibility of technical applications of 
the soft-mode for fast switching has been established.2x The relaxation 
frequency of the soft-mode f,, of great significance for device imple- 
mentations of the soft-mode effect, can be obtained by dielectric 
measurements.69 The temperature dependence off, is shown in Figure 
26 for a wide temperature range in the smectic A" phase of a high 
polarization compound (P, = SO nC/cm2). In the same figure is also 
shown the relaxation frequency of the tioldstone mode fG . 

To get the real (E') and imaginary (t") parts of the complex dielectric 
constant, one has to perform measurements of both the capacitance 

- I G  1, ; ; ; - , .  .,...,..- 
a 34 35 36 37 38 39 -I 

T l"cI 

++ 
++ 

FIGURE 26 Relaxation lrequcncieq f o r  thc Golditone and soft mode\ 
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FERROELECTRIC LIQUlD CRYSTALS 481 

C and the conductance G of the sample. The C and G values can be 
transferred by computer and printed with the corresponding values 
of the dielectric constant E’  and E” using the relations E’ = C/C, and 
E” = G/(2.rrfCo) where f is the frequency of the measuring field. For 
a pure Debye-relaxation (as in e.g. a pure Goldstone or soft-mode 
relaxation) the frequency dependence of the real and imaginary part 
of E* (E* = E’ - je”) are given by”’ 

Typical Debye behavior (with the single relaxation frequencies fR = 
f c  and fR = f s  for the Goldstone-mode and soft-mode, respectively) 
are clearly seen in the experimental curves in Figure 27. The Gold- 
stone-mode absorption and permittivity curves in Figure 27a are re- 
corded in the srnectic C* phase,” while the corresponding soft-mode 
curves come from the smectic A *  phase.6y 

Measurements of ell, and AE. For ferroelectric liquid crystals, 
the dielectric anisotropy AE (ell - el) plays an important role in the 
switching processes and also for dielectric stabilization. Experimen- 
tally, to obtain A€, one has to measure both components ell and E ~ .  

The experimental set-up that may be used for this purpose is shown 
in Figure 28. The dielectric studies shown in Figure 24-27 were made 
using a HP4192 impedance analyser for frequencies between 5 Hz 
and 13 MHz. The sample cells consist of two conducting glass plates 

12 -, 30, 

1 10  100 1000 10000 100000 

A’ 

Frequency (Hz) Frequency (Hz) 

a b 
FIGURE 27 
phase (b). 

Debye-relaxation in the smectic C* phase (a) and in thc smectic A *  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
41

 1
9 

Fe
br

ua
ry

 2
01

3 



482 K. SKARP AND M. A. HANDSCHY 

Computer 7 
n Mlcroscope 

Temperature 
chemper 

Schematlc representatlon of the setup used for dielectric mmurements 

FIGURE 28 Set-up lor dielectric measurements (from Ref. 69). 

separated by two mylar spacers with a known thickness. For planar 
and homeotropic orientations spacers of 100 pm and 50 Fm thickness 
were used. The cell constant C,, (empty cell capacitance) is measured 
at room temperature and it is found to be frequency independent in 
the range 1 kHz to 5 MHz within 1%. For the E, measurements, the 
value of C,, is measured without any previous surface treatment of 
the glass plates except washing with acetone. The cell is filled in 
vacuum with liquid crystal, by capillary effect achieved by heating 
the sample to the isotropic or to the cholesteric phase if it does exist 
in the compound under investigation. Later, the cell is placed in a 
heating stage and the temperature is stabilized using a precision tem- 
perature regulator. The alignment for measurements is assured by 
placing the temperature chamber containing the sample holder in a 
magnetic field of 1.2 Tesla as shown in Figure 29a. The sample is 
slowly cooled from the isotropic phase to the cholesteric phase under 
magnetic field, and by further cooling towards the cholesteric-smec- 
tic A transition, due to the divergence of the cholesteric pitch, a fairly 
well aligned smectic A phase is observed by simultaneous microscopic 
observation. The dielectric measurements are performed after re- 
moving the ccll from the magnet. The measuring electric field is 
applied perpendicular to the helical axis as shown in Figure 29b. 

For E,, measurements, the glass plates of the cell are coated with a 
surfactant to achieve homeotropic orientation. The cell constant C,, 
is measured in the presence of the surfactant layer on both surfaces 
of the capacitor. By observing the filled cell between crossed polar- 
izers, the establishment o f  homeotropic orientation in the smectic A 
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FERROELECTRIC LIQUID CRYSTALS 483 

magnetic field 

dlrection of 
m m u r  ing 
electrlc f ield 

a b 

direction of 
measuring 
electric fleld 

! 

L 

C 
FIGURE 2Ya. 
eotropic orientation. 

Magnetic field orientation method. b. The oriented sample. c .  Hom- 

phase is ascertained. The C and G measurements are carried out 
when the measuring ac field is applied perpendicular to the smectic 
layers as indicated in Figure 29c. In the C* phase the field is applied 
perpendicular to the smectic layers and makes an angle (the tilt angle) 
with the director as shown in the figure. 

With the experimental set-up described above many types of di- 
electric study can be made. Recently, the frequency dependence of 
A€ were studied for several mixtures.” In Table 111 results for the 

TABLE I11 

Dielectric anisotropy and dielectriciferroclectric torque ratio for Chisso 101 1 at 25°C 
(Ref. 72). 

Frequency A€ diel. torque/ferroel. torque 
(kHz) 

10 -2.38 
20 -2.41 
100 -2.42 

0.70 
0.7 1 
0.7 1 
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4x4 K.  SKARP AND M. A .  HANDSCHY 

Chisso mixture 101 1 together with estimations (for field strengths 10 
Volts/km) of the important ratio between dielectric and ferroelectric 
dircctor torques are given. The dielectric torque ( 1/2Aq,E2) will in 
the high field region be dominant compared with the ferroelectric 
torque (P,E) because thc former is proportional to the square of the 
applied electric field. From an application point of view, the ratio 
between the two torques has to be within a certain limit to ensure 
matrix multiplexibility. 

Thermodynamic Models 

Thermodynamic properties of the smectic C” system are usually de- 
scribed by a phenomenological Landau free energy expansion, the 
first venion given by M e ~ e r . ’ ~  The expansion is made in terms of an 
order parameter reflecting the symmetry properties of the medium. 
One obvious order parameter choice would thus be the spontaneous 
polarization P itself. For a second-order smectic A*-smectic C* tran- 
sition, a Landau expansion involving only P yields P - (TAc - T)1’2. 
However, contrary to the situation for the majority of solid ferro- 
electrics, experimental evidence show that in the ferroelectric smec- 
tics the spontaneous polarization does not provide the drive for the 
paraelectric- ferroelectric transition. The spontaneous polarization is 
thus a secondary quantity, since consideration of P alone is not suf- 
ficient to describe all aspects of the transition, e.g., the behavior of 
the specific heat. In this sense, the ferroelectric smectics could be 
classified as “improper fe r roe lec t r ic~ .”~~ As the primary order pa- 
rameter one might instead choose the two-component tilt vector [ = 

describing the magnitude and the direction of the tilt of the 
long molecular axis from the normal to the smectic layers. The vector 
[ is the projection of the director n on the smectic planes. For a non- 
helicoidal structure (as in Figure 3b), and for small tilt angles, this 
order parameter reduces to simply the smectic tilt angle 8. To account 
for the helical structure, and also coupling terms between the tilt and 
polarization referred to as flexoelectric and piezoclectric contribu- 
tions, the Landau expansion will be more complicated. 

By minimization of the Landau free energy expression with respect 
to the introduced parameters (the tilt angle, polarization and helical 
pitch) it is possible to obtain the temperature dependences of thcse 
parameters. Thc Landau free energy density describing the SmA- 
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FERROELECTRIC LIQUID CRYSTALS 485 

SmC” transition is usually expressed as75 

The tilt of a molecule breaks the axial symmetry around its long axis 
inducing an in-plane polarization P = (Px,P,,) perpendicular to the 
tilt. P, and P, are the components of the in-plane polarization, a = 
a(T - T,,), b > 0, K,, is the elastic modulus, A the coefficient of 
the Lifshitz term responsible for the twist-bend modulation, p and 
C are the coefficients of the “flexo-” and “piezo-” electric coupling 
between the tilt and the polarization. For small tilt angles B we may 
write 

where 4 = +(z) is the azimuthal angle determining the orientation 
of the molecular direction n = (n, ,ny ,n,) with respect to the normal 
z = (0,0,1) to the smectic layers. With the helicoidal ansatz 

5, = Bcos ( 4 2 ) ;  

P, = - P  sin(qz); P,, = P sin (qz )  

tz = b i n  ( q z )  

substituted into the expression for g ( z )  we get 

1 1 1 
g(z) = - a02 + - b04 - Aq02 + - K,q2B2 

2 4 2 

1 + -P2 - pqP0 
2X 
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486 K.  SKARP AND M. A. HANDSCHY 

Result from g(z) expanslon Experlments 

SmC' I SmA 

SmC' ; SmA 

Dlelectric 
constant 

SmA 

C 

* 
SmC' ISmA 

SrnC' 

Dielectric 

SmC' SrnA 
L T, 

FIGURE 30 Comparison of predictions from the I.;indau expansion g(z) used above 
with typical experimental rcsults (from Ref. 5 ) .  

Minimization of 

1 
L 

F = - 1; g ( z )  Liz (34) 

with respect t o  8, P and q yields the SmA-SmC' transition temper- 
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FERROELECTRIC LIQUID CRYSTALS 387 

ature T,, the temperature dependence of the tilt angle and the pitch 
of the helix as well as the spontaneous polarization P: 

0 = a (Tc - T)”’ (35) 

In this model the pitch of the helix (Z) does not depend on temper- 
ature, and the polarization is proportional to the tilt angle. By in- 
cluding a field-term for the interaction with an external electric field 
in the free energy expression g(z), it is also possible to extract the 
temperature dependence of the dielectric constant E. In Figure 30 is 
shown schematically the predictions of the Landau model given above, 
together with typical experimental results. 

The model is insufficient to accurately describe the temperature 
dependence of the pitch, and also of the dielectric constant. More 
elaborate models have therefore been suggested recently, adding ad- 
ditional terms in the Landau expansion.68 

APPLICATIONS 

The polar coupling of ferroelectric liquid crystals’ (FLCs) large optical 
anisotropy to applied electric fields is useful for light-modulating 
devices with the desirable combination of fast, low-voltage, low-power 
switching properties. This combination of properties is not found in 
any other electrooptic technologies, ensuring that FLCs will find a 
place as light modulators. The rapid change of their polarization with 
temperature near the phase transition makes them also useful as 
thermoelectric detectors. The large international effort over the past 
half-dozen years to develop practical devices exploiting FLCs has 
required the development of a detailed understanding of the physics 
of FLC devices and the techniques used to fabricate them. We do 
not intend now to review all this work, but merely to present a 
simplified view of the principles underlying typical devices, and to 
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488 K.  SKARP AND M. A. HANDSCHY 

point out how, in comparison to other light modulating technologies, 
certain applications are best served by FLCs. 

Basic Principles: The Idealized SSFLC Device 

The simplest structure one can imagine for the smectic C phase is 
planar layers with a uniform director field. Although recent inves- 
tigations have shown that the situation in actual devices is rather 
more complicated, with significant consequences for performance 
characteristics, many important principles can be most easily under- 
stood by considering an idealized device. In this section we describe 
the basic fabrication requirements and characteristics of surface-sta- 
bilized devices having an idealized structure with planar layers per- 
pendicular to the electrode plates. In the next section we describe 
more realistic device structures, and point out where their perform- 
ance characteristics will differ from those predicted on the basis of 
the idealized structures. 

Surface stabilization. The change in optic axis direction accom- 
panying the fast director reorientation produced by a change in the 
externally applied electric field is the mechanism of the electrooptic 
effect in FLCs. Obtaining this reorientation uncomplicated by the 
motion of topological defects in the director field requires the suppres- 
sion of the FLC’s intrinsic helix. This can be accomplished without 
any requirement for an externally applied field by using the method 
of “surface-stabilization,” originated by Clark and Lagerwall.’ Figure 
31 shows the resulting device geometry. The FLC is bounded by 

E 

FIGURE 31 Idealized SSFLC device geometry. showing liquid crystal slab of thick- 
ness d between glass plates with electrodes on their inner surfaces. The smectic layers 
are planar and perpcndicular t o  the bounding plates; the director i? is indicated by a 
line segment, and the ferroelectric polarization P by an arrow. State (a) with the 
director approximately 45“ to the polarizer and analyzer transmits light, while state 
(b) with the director parallel to the polarizer extinguishes. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
41

 1
9 

Fe
br

ua
ry

 2
01

3 



FERROELECTRIC LIQUID CRYSTALS 48’) 

parallel transparent electrode plates, with the smectic layers oriented 
at least approximately perpendicular to the plates. If the interaction 
of the liquid crystal with the plates prefers some director aximuth 
over others, e.g. it prefers the director parallel to the plates, then 
the intrinsic helix will become energetically unfavorable when the 
plate spacing d is small enough. The actual critical spacing depends 
on the surface anchoring strength which can be characterized by the 
surface extrapolation length 1, = M y ,  where K is the bulk Frank 
elastic constant and y is the surface energy anisotropy. In the usual 
case where 1, << d ,  the helix is unwound when In dll, > q d ,  where 
q = 2 d Z  is the wavevector of the helix. In fact, 1, is usually com- 
parable to the 30 A molecular length, so for helix pitch Z in the range 
of 1 pm, surface stabilization occurs when the plate spacing is com- 
parable to or smaller than Z. 

Alignment. To make a useful electrooptic device some means 
must be employed to align the smectic layers parallel to a common 
direction so that optic axis orientation of a chosen device state has a 
uniform projection onto the plates. In the first SSFLC device, this 
alignment was achieved by a gentle shearing motion of the two elec- 
trode plates while the liquid crystal material was heated to its smectic 
A phase.2 Many other alignment techniques which were first dem- 
onstrated on thick (helixed) cells will also work. If the FLC has also 
a smectic A phase it will align upon cooling in a sufficiently large 
magnetic This method has also been demonstrated to work, 
albeit with difficulty, with surface-stabilized devices.83 Kondo et ~21 . ’~  
have shown that well-aligned samples can be prepared by nucleating 
the smectic A phase on a surface at the sample’s edge that promotes 
the desired layer orientation, and then growing the crystal out from 
the “seed” surface by cooling with a thermal gradient across the 
sample. Coating the electrode plates with a director-aligning layer 
similar to those used for nematics,x5 however, seems to be also the 
most practical technique for FLCs. Obliquely evaporated films, which 
were first used with nonchiral smectic C materials,66 align FLCs as 
well.3X~X7~RX Rubbed polymer alignment films,sy,so are now perhaps the 
most commonly used method. The aligning layer techniques work by 
a straightforward mechanism in FLC materials having a smectic A 
phase at temperatures immediately above the ferroelectric phase: the 
director alignment in that phase produces aligned layers which evi- 
dently remain fixed in orientation upon cooling of the specimen into 
the tilted smectic C* phase. The same techniques can also be used 
with materials having a nematic (N*) phase immediately above the 
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490 K. SKARP AND M. A. HANDSCHY 

C" phase, although now the tilt of the smectic layers away from the 
fixed director potentially introduces a degenera~y".."~ which defeats 
the alignment. This degeneracy can be broken by the application of 
an electric field with a DC component or by choosing different surface 
treatments for the two electrode plates.93 

Thus, an FLC prepared between plates spaced closely 
enough, and aligned e.g. by an anisotropic surface treatment, will 
have approximately the configuration shown in Figure 31. Opposite 
voltages applied across the plates select between two orientations of 
the ferroelectric polarization P also nearly perpendicular to the plates. 
The director orientations corresponding to these field-preferred states 
are both nearly parallel to the plates, but differ in orientation by 
nearly twice the smectic C tilt angle 0 .  Thus, this device is effectively 
a uniform birefringent waveplate, whose axis can be toggled by re- 
versing the sign of an applied electric field. 

It is important to note that in this simplified representation of the 
SSFLC device, two, and only two, optical states are selected by the 
applied field. This is in marked contrast to most nematic devices, 
where only one state can be selected by the applied field, and to 
obtain any other states one must rely on viscoelastic relaxation to a 
state preferred by surface interactions. This difference accounts for 
the speed advantage of the FLC device, since switching from either 
state to the other can be driven arbitrarily fast by the applied field. 
The SSFLC device, being effectively binary, also differs significantly 
from devices exploiting conventional electrooptic materials where 
their optical response depends in a continuous way on the applied 
field strength. 

The configuration of Figure 31 can be used as a simple intensity 
modulator by placing the FLC cell between crossed polarizers ori- 
ented as shown so that one of the field-preferred optic axis orien- 
tations is parallel to either the polarizer or the analyzer. This state 
would ideally completely extinguish incident light, while the other 
field-preferred state, having its optic axis orientation intermediate to 
the axes of the polarizer and analyzer, would transmit light. With the 
assumption that the layers are in fact perpendicular to the plates so 
the field-preferred optic axis states are parallel to the plates and differ 
in orientation by 20, the on-axis transmittance is given by: 

Optics. 

T = sin248 sin'(.rrArzd/h). (39) 
Tilt angles of typical FLC materials with smectic A* to smectic C" 
phase sequences are between 20" and 25", which are conveniently 
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FERROELECTRIC LIQUID CRYSTALS 491 

FIGURE 32 Theoretical dependence of transmittance T on AiAnd. The bars show 
the extent of the visible spectrum (450-650 nm) for the indicated values of And (in 
pm). For the optimum value of And = 0.266 pm, the transmission peaks at 1 0  for 
A = 532 nm, and decreases to 0.92 at the cxtrcmes of the visible spectrum. [After 
Lagerwall et al. Conference Record of the 1085 International Display Research Con- 
ference (IEEE, New York, 1985) p. 213.1 

close to the optimum 22.5”. Figure 32 plots the wavelength depend- 
ence of equation (39), showing that transmission relatively insensitive 
to wavelength can be obtained by choosing the device thickness d to 
place the first-order birefringence maximum at the center of the op- 
erating wavelength range. For example, retardances And between 
250 and 280 nm produce a device that appears “white”. Typical FLC 
birefringence of 0.15 would then require a device thickness of 1.7 to 
1.9 km, which is quite compatible with the requirements for surface 
stabilization. 

1.2 Realistic SSFLC Device Structures 

The configuration with planar layers perpendicular to the plates and 
uniform director fields is far from the most general one allowed by 
the symmetries of the smectic C phase and its interactions with its 
bounding surfaces. 

Layer structure. The simple liquid crystal plus surface structures 
described above are in fact realized in the smectic A phase. The 
interaction between simple polymer or glass surfaces and the liquid 
crystal favors the director parallel to the surface, producing, since 
the smectic A layers must be perpendicular to the director, layers 
perpendicular to the bounding surfaces. This also effectively requires 
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492 K. SKARP AND M. A. HANDSCHY 

that the layers be planar. The tilting of the molecules away from the 
layer normal upon cooling into the smectic C phase removes the 
requirement that the layers be perpendicular to the plates, but ne- 
cessitates the layer spacing be reduced from what it is in the smectic 
A phase. The actual structure of SSFLC preparations revealed by 
recent x-ray diffraction studies19 shows that this layer shrinkage occurs 
through the formation of the “chevron” layer structure shown in 
Figure 33. The formation of this structure can be explained by the 
assumption that the intersection lines of the layer planes with the 
bounding surfaces are not free to  slide along the surface and that the 
number of layers is conserved at the smectic A to C phase transition 
(i.e. that the layer shrinkage is not accomplished by the introduction 
of new layers with their attendant layering defects). Thus, the SSFLC 
layers are typically neither perpendicular to the plates nor planar. 
The full consequences of this structure for the electrooptics of the 
SSFLC device can only be understood by considering also the inter- 
actions of the director with the bounding surfaces and the chevron 
“kink” surface. 

The most symmetric director-surface interac- 
tions would favor the director parallel to the surface, but would not 

Director structure. 

Y 
z 

X 

FIGURE 33 Chevron structure with the layers tilted an angle 6 away from the 
hounding plate normal. The director ri(r) is tilted an angle Q0 to the local layer nornial 
i t  ( r )  or  f ( r ) ,  and is free to reorient in azimuth 4. Subscripts + and - refer to 
quantities rcspcctivcly above and helow the chcvron kink. The angle x(4 + ,I$ ) meas- 
ures thc ditference in orientation of directors immediately adjacent on opposite sidcs 
ol the kink; for 8 <: 8 ,  x can be made zero. and hence director strain across thc kink 
made zero, for the two director states marked U and D in the figure. 
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FERROELECTRIC LIQUID CRYSTALS 493 

distinguish between that orientation with P pointing out of the FLC 
into the plates (P . s  ̂ > 0) and that with P pointing into the FLC 
(P ’ i < 0). However, the reduced symmetry of the chiral smectic 
C* phase allows a lower-order surface interaction that prefers one 
sign of P . 3 over the other (i is the FLC slab’s surface normal unit 
vector). This arises both from the direct molecular interaction with 
the surfaces and from the spontaneous bend of the c-director in the 
smectic C* phase. In general, the director-surface interactions could 
favor nonzero tilt of the director away from the surface; the director 
states stabilized in this case are described in detail by Clark and 
Lagerwall,6 but most of the surface preparations used commonly in 
the FLC devices studied to date are known to produce nearly zero 
tilt (at least with nematics), so we will confine our description to that 
case. 

In devices without layer chevrons, prepared for example from a 
material with no smectic A phase, the polar surface interactions in 
thick enough devices produce a nonuniform ground-state director 
structure with splay of P as shown in Figure 34.94 At zero applied 
field the splay is uniform, i.e. the azimuth @ of the polarization P 
varies linearly as position is varied along the plate normal, as shown 
in Figure 34(c). Applied fields distort this structure, confining the 
nonuniformity to within a length < = (K/PE)”* of the surface ( K  is 
the effective elastic constant). When the applied field E is strong 
enough that 5 becomes less than the surface extrapolation length I, 
a discontinuous director reorientation occurs,94 leaving the device 
with a uniform director field. Thus, this device exhibits three distinct 
states: the splayed state at low and intermediate applied fields, and 
uniform-polarization UP, Figure 34(a), and DOWN, Figure 34(b), 
states at high applied fields. 

The introduction of the layer chevron adds another surface, at the 
chevron kink, with which the director interacts. The kink is sharp, 
having a thickness in a sample with layers spaced by a and tilted away 
from perpendicular to the plates by an angle 6 of about a/8,ys pro- 
ducing a strong surface with interaction energy of the order K6/a 
comparable to the strength of the solid bounding surface interactions. 
For layer tilt 6 less than the smectic C tilt angle 8 there are two 
azimuths at which the director orientation can be continuous across 
the kink, as shown in Figure 33, both having the director parallel to 
the kink plane and hence the bounding  plate^.'^ These two azimuths 
grow progressively closer to each other as 6 approaches 8, leaving 
only one azimuth allowing director continuity across the kink for 6 
= 8, and forcing director elastic stress for 6 > 8. Since the director 
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494 K .  SKARP AND M. A. HANDSCHY 

U P  DOWN 

FIGURE 34 Splayed and uniform director structures in SSFLC device with untilted, 
planar layers and polar surface intcractions. ‘Ihc figure is a section in the plane of  a 
smectic layer. the polarization P shown as an arrow. and the director as a har with a 
crossbar on the end projecting out of the page. (a) Uniform state obtained with large 
UP field; (b) uniform state obtained with large DOWN field; (c) state with splayed 
polarization obtained at low applied field, here shown with the uniform splay at zero 
applied field. 

is strongly anchored at the kink, the critical spacing for helix un- 
winding in chevron devices is the spacing from the plate to the kink. 

The combination of polar and nonpolar director interactions at the 
bounding plates with the interactions at the kink surface determines 
the stable states of the device. The case with appreciably polar sur- 
faces and 6 < 8 produces a device with two energetically equivalent, 
optically distinct states stable at zero applied field, either of which 
can be transformed into a uniform state by the application of a suf- 
ficiently strong field of the appropriate sign, giving a devicc with 
discontinuous switching between four director states,’h as shown sche- 
matically in Figure 35. This casc is frequently observed in experiments 
with SSFLC preparations on polymer-coated or clean glass surfaces. ’’ 
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FERROELECTRIC LIQUID CRYSTALS 49s 

If the polar surface interactions were weaker by comparison to the 
nonpolar ones, or if the device were made thin enough, one could 
obtain simpler behavior, with the two nearly uniform UP and DOWN 
states stable in the absence of applied field. However, when the layer 
tilt 6 equals the director tilt 8, a surface that favors the director parallel 
to itself can stabilize only one state, that state now having polarization 
parallel to the surface. Thus, the condition 6 < 8 is required for the 
device to have more than one state stable in the absence of applied 
field. Recent studies of the glass-FLC interface using the technique 
of measuring the depolarization of totally internally reflected light 
show that in fact this surface prefers the director nearly parallel to 
itself, and that the director within about 100 A of the surface is 
reoriented by the discontinuous switching tran~itions.~’ 

When the applied electric field is so high that 5 is small 
compared to both the sample thickness d and the incident light’s 
wavelength A the SSFLC device reduces effectively to two uniform 
birefringent slabs whose optics are approximately described by equa- 
tion (39) above if the value of An there is suitably reduced according 
to the tilt of the layers. However, at low applied fields, the director 
nonuniformities produce significant optical effects. Basically, a device 
with a nonuniform director orientation will not extinguish transmitted 
light at any orientation between crossed polarizers. Much can be 

Optics. 

_ -  

( a  1 ( b )  (C 1 ( d  1 
FIGURE 35 Four-state switching. (a) Uniform UP state obtained with large applied 
field. This is transformed to the SPLAYEDLJP state (d) upon removal of thc field. 
Moderate DOWN fields transform state (d) to SPLAYEDiDOWN state (c), while 
still larger DOWN fields give uniform state (b). The arrow indicates polarization P 
while the crossbar indicates the c-director. 
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496 K. SKARP AND M. A.  HANDSCIlY 

FIGURE 36 Zigzag wall. Micrograph of SSFLC preparation on rubbed polyvinyl 
alcohol coated plates. Scale bar below photo shows 250 prn length. 

learned about the director structure by measuring the transmittance 
of such a device as a function o f  light ~ a v e l e n g t h . ~ " ~ *  The measured 
spectra can be fit using transmittances calculated from a model di- 
rector structure; these experimental measurements and the attendant 
calculations generally bear out the qualitative features of the various 
switching states presented above. 

The chevron structure has another gross consequence for the optical 
appearance of SSFLC devices, namely, the occurrence of the char- 
acteristic zig-zag wall, an example of which is shown in Figure 36. In 
devices whose surfaces do not favor tilt of the director away from the 
plate the chevron vertex can be displaced from the smectic A layer 
plane in two energetically ey uivalent directions. The zig-zag wall 
separates domains of one displacement direction from domains of the 
other." As a smectic layer crosses the defect wall, its two oppositely 
chevroned sections are joined by a parallelogram. When the chevrons 
have formed from an untilted smectic A phase, and hence have their 
vertices in the midplane of thc dcvice, the parallelogram section of 
thc layer is vertical. Yet to be published calculations of Rieker and 
Clark show that the zig-zag wall runs at an angle between 0 and about 
0.86 to the rubbing direction (srnectic A layer normal), whilc its width 
in the midplane of thc dcvicc varies between 1 and 1/2 times the 
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FERROELECTRIC LIQUID CRYSTALS 497 

sample thickness d.  Over this same range of directions, the parallel- 
ogram normal makes an angle between 6 and 26 to the smectic A 
layer normal. At high applied fields, where the director is effectively 
uniform, the projection of the director in the parallelogram onto the 
plates then differs by this same angle from the projection in the 
chevron. Typical 6s of about 18"" imply that when the device is 
oriented between crossed polarizers so the chevron areas extinguish 
incident light, the core of the zig-zag wall will be oriented between 
18" and 36" to the polarizer, and therefore have transmittance between 
35% and 90%. The zig-zag defect wall then transmits an amount of 
light up to nearly d/4 per unit wall length. That typical FLC devices 
with low-tilt polymer alignment preparations exhibit a maximum con- 
trast with white light illumination between their two field-preferred 
states typically not much than 100:l indicates a defect density (wall 
length/device area) of 20 cm ~ l .  Preliminary reports indicate that the 
formation of zig-zag walls can be suppressed by symmetry-breaking 
alignment treatments that favor substantial tilt of the director away 
from the s ~ r f a c e . ~ ~ , ~ ~ ~  

1.3 Switching Dynamics 

Much of the dynamics of the electrooptic response can be understood 
by solving a simplified equation of motion for the director. When E 
is applied parallel to the layers, as would be the case for layers 
perpendicular to the plates, this equation is: 

A€ 
47F yd+/dt = KV2+ + PE sin + + - E 2  sin26 sin + cos 4, (40) 

where y is the viscosity opposing changes in azimuthal angle + as 
discussed previously, K is the elastic constant for distortions of the 
c-director, 0 is the smectic C tilt angle, and AE is the dielectric ani- 
sotropy (cgs units). This equation neglects the variation of AE with 
frequency, the anisotropy of the elasticity, flexoelectric polarization, 
the charge arising from nonuniform polarization, and the variation 
of tilt angle with applied field. All the neglected effects can produce 
significant phenomena; nevertheless the above equation (40) accounts 
for the most important parts of the switching behavior. 

The elastic distortions of the director will all 
have characteristic sizes smaller than the electric field correlation 
length 5 = (K/PE)'12. When this length is smaller than any of the 
lengths of interest (i.e. cell thickness d or light wavelength A) equation 

Uniform director. 
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4YR K. SKARP AND M. A.  HANDSCHY 

(40) can be considerably simplified by omitting the elastic torque 
term. In this approximation the equation has the analytic solution: 

(1 + a cos +) sin +,, 
(1 + a cos +J sin + = CY Ill 

where T = $ ( P E ) ,  = +(t = 0), and LY = A~Esin’0/(4nP).“ In this 
uniform-director approximation the boundary value problem for the 
electric field wave of incident light can also be solved exactly,Ii with 
the resulting transmittance T ,  for the situation with smectic layers 
perpendicular to the plates and the polarizer oriented parallel to the 
director statc with + = 0, having the form: 

T = sin2[2(0 - P)]sin2[n(n, - n,)d/X]. (42) 

With the relations tan P = tan 0 cos +, sin 8‘ = sin 0 sin +, n, = 

6, n, = [e2(e2 + A€)/(€> + A~sin%’)]”~,  AE = E? - E ~ ,  where E, 

are the principal components of the dielectric tensor, and with the 
equation (41) giving 4 as a function of time, the transmittance as a 
function of time after an electric field reversal can be calculated. 

Several conclusions relevant to device characterization can be drawn. 
The rise time (time for 10% to 90% change in transmittance) is about 
1.87 for all electric fields giving LY appreciably less than 1. Only the 
delay time (time from the application of the electric field to 10% 
change in T )  shows a significant dependence on which in a real 
device is largely determined by surface interactions. For either sign 
of dielectric anisotropy, the dielectric torques stop homogeneous 
switching for applied fields giving LY > 1, in the case of negative Ae 
by pinning the director to the orientation perpendicular to the applied 
field, and in the case of positive AE by causing the switching to occur 
over an ever decreasing range of angle about + = 90” or + = 270”. 
Xue et al. have extended these calculations to the case where the 
smectic layers are tilted relative to the plates.”” 

When spatial variation of 4 is allowed in 
the above equation of motion (40), its solution becomes much more 
complicated. When the variation is restricted to be in the form of a 
plane wave, one analytic solution corresponding to a solitary wave 
has been found by Schiller et al.“” Generally, one must resort to 
numerical techniques. ‘These numerical studies show that the polar- 
ization P of FLC device initially oriented at the position o f  unstable 
equilibrium in the applied electric field E, as would be produced by 

Nonuniform director. 
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FERROELECTRIC LIQUID CRYSTALS 499 

instantaneously reversing the field applied to the device, can be re- 
oriented by a one-dimensional, solitary w a ~ e . ~ ” . ’ ~ ~  However, for the 
solitary wave to reorient a whole device of dimension d before part 
of it is reoriented homogeneously requires that the initial deviation 
of P from the exact orientation of unstable equilibrium not exceed 
e-rf’c. Thermal fluctuations, which are neglected in equation (40), 
have magnitude (+z) = kT/(Ka) = 1, and thus prevent P from ap- 
proaching the exact orientation of unstable equilibrium closely enough 
for solitary waves to be relevant to actual devices. 

Domain walls. Of more practical interest are the domain walls 
whose motion reorients director near the surface at intermediate 
applied field strengths. For high applied fields (6 < I,) the surface 
will be reoriented homogeneously, while for low fields (6 > d )  the 
domain walls are pinned by defects and only incomplete switching 
occurs. A typical intermediate-field switching sequence begins with 
the device in the lowest-energy equilibrium state (not necessarily 
nearly uniform) determined by the applied field strength, the bulk 
director elasticity, and the surfaces’ anchoring energies. This state 
will have a director orientation field that depends only on position 
in the direction normal to the plates. Then a step in the applied electric 
field E produces some reorientation of the director homogeneous in 
planes parallel to the plates. This process can be modeled by equation 
(40) with the need for only one spatial variable; after a time of a few 
times T = y / ( P E )  the homogeneous process is complete, leaving the 
director field uniformly in the field-preferred orientation everywhere 
except within a distance equal to a few times 6 = [K/(PE)]”2 of a 
surface. At this point most of the optical response is complete. Further 
homogeneous reorientation at the surface is impeded by the energy 
barrier between the surface-preferred orientations, and does not take 
place unless 6 < I, .  Maclennan et af .  have carried out calculations of 
+ ( x , t )  for the bulk homogeneous process in a number of cases of 
practical interest .96J03 

The device can continue to reorient inhomogeneously by the nu- 
cleation of domain walls in the layer of strained director near the 
surface. While insufficient torque is available at the surface to ho- 
mogeneously overcome the energy barrier between the surface-pre- 
ferred orientations, a domain wall provides a way of localizing the 
region of unfavorable director orientation. The competition of elastic, 
ferroelectric, and surface torques on the director produce a domain 
wall with thickness about I, near the surface expanding to about .$ the 
same distance away from the surface. The walls move in the direction 
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500 K. SKARP AND M. A .  HANDSCHY 

that brings the device state to  the lowest-energy equilibrium; their 
velocity can be estimated by equating the viscous dissipation produced 
by their motion with the energy released by the polarization reversal 
and relieving of elastic stress in the surface 1 a ~ e r . l " ~  

The various stages of the intermediate-field switching process are 
illustrated schematically in Figure 37, where the device starts out in 
the state preferred by an U P  field. In this state the layer tilts of the 
chevron structure in combination with the preference of the bounding 
plate surfaces to the director parallel to themselves produce "pretilts" 
of the polarization in opposite rotational senses on the two bounding 
plate surfaces. When the electric field is reversed the directors above 
and below the chevron then rotate in opposite directions around the 
tilt cone, leaving a 2-n disclination sheet in P trapped in the device 
interior,95 as was first inferred by Ouichi et uLYx However, the finite 
effective director-surface interaction energy at the kink due to the 
decoupling of director orientations in opposite halves of the chevron95 

I / L-f--J' / / ' +  
. . . , ....... A.. .. _. .. .... 

t i  i / 
/ 

\ -- - I_, -ILL 
.......... .../ ............,., 

r 

.->3? ... __. ,..,, _._ . .<= 
\ 

I 
t 

-- -\I 
P / ,  I 1 , I  I 1 

/a I lbl lCl  ldl T rqmip i /  
j 
j 

0 
0 

Tr/2 0 +t/2 -1/2 0 +1/2 -1/2 0 +1/2 -1/2 0 +1/2 

xtd 
FIGURE 37 Domain walls in chevron cell. (a) shows the initial state of the device: 
the upper frame shows the polarization P in a cross section parallel to the smectic A 
layers. The device is in the SLAYEDiUP state as in Figure 3S(d). The lower Crame 
shows the variation of Cp with position normal to the plates; Cp is measured as indicated 
in Figure 35. The dotted line in both top and bottom frames shows the position of the 
chevron kink; the top plate is at x = +d/2 .  (b) shows the device state at a time t = 
T after an electric field step in the DOWN direction has been applied, with a 271 
disclination in P trapped at the chevron kink at x = 0. Between (b) and (c) a domain 
has nucleated and is moving toward (b). After the domain has passcd by in (c), the 
disclination is removed, and the director orientations at the kink have taken up the 
other orientations parallel to the kink surface. After the field is removed the device 
takes up the configuration shown in (d), which corresponds to the SPLAYED/DOWN 
state of Figure 35(c). 
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allows a "hole" surrounded by the domain wall to nucleate in this 
sheet, and expand until the sheet is entirely reoriented. This domain 
wall may be seen if the device is stroboscopically illuminated, as has 
been done by Handschy et al. , lo4 Orihara and I~hibashi '"~ and Ouchi 
et nl."8 Solutions of equation (40) with variation allowed in two di- 
mensions have been calculated by Odamura et ~ 1 . ' " ~  and Yamada et 
al. ,lo' showing behavior as described above. 

Although for applied fields of intermediate strength 
the domain wall motion contributes only a small part of the optical 
response, the walls have significant consequences for the final state 
of the device after the field is removed. If there were no domain wall 
motion, a relaxation of the strained surface layer would occur with 
the removal of the applied field, and the device would return to its 
initial state. However, the domain wall motion switches the director 
near the surface across an energy barrier that it could not overcome 
homogeneously, and thus is responsible for switching the device from 
one stable state to another at fields not so high that 5 < 1,. 

The phenomena of domain nucleation rate and density, domain 
wall velocity, and domain coalescence then determine the "latching 
time" or width of the shortest applied field pulse sufficient to ensure 
the sample has been switched to a new stable state. The stroboscopic 
experimentsIo4 indicate that the domain wall velocity is roughly pro- 
portional to applied electric field, in accordance with velocity esti- 
mates made by balancing viscous dissipation with the rate at which 
energy is released as the wall moves. Measurements by Clark and 
Lagerwall'nX show a latching time dependence approximately pro- 
portional to E - 2  for intermediate fields, indicating a strong depend- 
ence of nucleation density or rate on field strength. The stroboscopic 
experiments also show that nucleation sites, while increasing in den- 
sity with increasing applied field strength, remain fixed to some per- 
haps invisible feature in the device rather than occurring at new 
random locations on each applied field step. A reasonable, but not 
rigorously verified, hypothesis is that if the field is applied long enough 
that the domains of reversed surface orientation have coalesed suf- 
ficiently to leave unreversed domains with their largest features smaller 
than some critical size characterized by the sample thickness then the 
switching will proceed to completion even after the field is removed. 

Bistubility. 

1.4 EXAMPLE APPLICATIONS 

Flat panel displays. Currently, the FLC application with the larg- 
est commercial potential is the flat panel information display. For 
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many uses the ubiquitous cathode ray tube (CKT), such as is found 
in common television receivers, is too bulky and too power con- 
sumptive. Nematic liquid crystals (NLCs) have been used to make 
“nonemmissive” displays in the form of very low-profile flat panels, 
but continue to suffer from undesirably slow switching and poor view- 
ability, particularly when the number of independently addressable 
picture elements (pixels) is large. In this case some form of multi- 
plexing is required to reduce the number of electronic drivers and 
connections to a manageable level-the usual method is matrix ad- 
dressing where a pixel is defined as the overlap of row and column 
electrodes on the inner surfaces of the liquid crystal cell bounding 
plates. NLCs’ opticalresponse is to the square of the applied electric 
field strength averaged over a time comparable to the switching time, 
which makes it increasingly difficult to differentiate between the effect 
of the voltage applied to selected pixels and unselected pixels as the 
number of rows gets large.“” 

The bistability and sign-dependence of the FLC’s response makes 
it possible to devise driving schemes where the voltage pulses applied 
to an unselected pixel have a very small effect since they alternate 
in sign and have zero average.”” In this case, the performance of the 
display is largely independent its number of lines, allowing high- 
resolution without loss of viewability. These driving schemes write 
one line (e.g. all the every column pixels in one row) in a time a few 
times the FLC material’s switching time. Thus, the challenge of in- 
creasing the number of lines of an FLC display is to decrease the 
switching time, rather than to sharpen the threshold as in the NLC 
case. Bone et al. have demonstrated the 64 ks/line switching necessary 
for European standard 625 line frame, 25 frameh video.”’ Figure 38 
shows a prototype FLC display with resolution comparable to that 
of ordinary TV CRTs. 

Print heads. Another FLC application of current commercial in- 
terest is line-at-a-time image generation on photosensitive media for 
non-impact printing. Here, a single-line array of FLC light valves is 
imaged onto the photosensor, which is typically formed into a cylin- 
drical drum. Then, by rotating the drum a high resolution image can 
be built up line by line. For instance, such an FLC “print head” and 
a simple illuminator can replace the laser, modulator, and scanner 
in the electrophotographic laser printer. These printers typically have 
resolutions of 300 dotshnch (about 12 dotdmm), so the printing of 
an A4 size page could be accomplished with a print head of about 
2500 elements in a 210 mm length equal to the page width. The 
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FERROELECTRIC LIQUID CRYSTALS 503 

FIGURE 38 Photograph of FLC flat panel display. The panel's active area is 243 x 
182 mm, with 639 x 400 pixels, and it operates at 30 Hz frame rate. Further description 
of this prototype is given by its developers [S. Matsumoto, A. Murayama, H.  Hatoh. 
Y .  Kinoshita, H.  Hirai, M. Ishikawa, and S. Kamagami, 1988 SID International 
Symposium, Anahcim, California, May 23-27]. Figure courtesy of Toshiba Corpo- 
ration, Yokohama, Japan. See Color Plate VII. 

minimum time to print the page is then a few time the FLC switching 
time times the number of dots in the page length (about 3600 for the 
A4 page). With the 30 ps switching times of todays faster FLC ma- 
terials, it should be possible to print with a dwell time per line under 
200 ps which allows page rates greater than 11s. In applications not 
requiring the full speed, matrix multiplexing similar to that described 
above for displays may be used to reduce the number of electrical 
connections needed. '12 Figure 39 shows a prototype printhead. The 
high switching speed of the FLC permits the generation of different 
grey levels in the photosensitive medium's exposure by varying the 
percentage of the line time a given element is transmitting, as shown 
in Figure 39(b).'I3 

The component almost universally needed for 
optical computing and image processing systems is the spatial light 
modulator (SLM), which is a device that can impress a two-dimen- 
sional modulation pattern or image on the cross section of a light 
beam. This component bears some similarity to the flat panel display 
described above. The time required to write a new frame of infor- 
mation is even more critical for optical computing than display ap- 

Optical computing. 
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b 

FIGURE 39 SSFLC print head. (a) “data” electrodes and scanning elcctrodcs are 
arranged for multiplexing. Figure courlc5y of NEC Corporation, Kawasaki-shi, Japan. 
(b) micrograph of anothcr print head showing individual 200 pm elements with 40 p.m 
gaps bctwen elements. The different apparcnt transmittances are produced by varying 
the ratio at the time a given stripe is in the transmitting state (open) to the time it is 
in thc nontransinitting state (closed). For all stripes the open and closed time add to 
1 Ills 
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plications. There are many other light-modulating materials that have 
been proposed for or demonstrated as SLMs. While many of these 
other materials have intrinsic switching times much faster than even 
the future projections for FLCs, in practice the frame rate of most 
SLMs, including FLC SLMs as we show below, is limited by power 
dissipation rather than intrinsic switching speed. 

All other things being the same, an FLC material with large po- 
larization will switch faster than one with small polarization. How- 
ever, the energy dissipated in switching a high-polarization material 
will also be higher than for the low polarization material. In fact, 
switching a unit area of an SSFLC device by reversing an applied 
voltage V dissipates an energy W = 2PV, ignoring the small reduction 
of polarization P due layer tilt. Knowing that the 10-90% optical 
response time t, is about 1.87, where 7 = y / P E ,  the switching energy 
can be written in terms of t, as W = 3.6yd/tr, where d is the device 
thickness. If the switching is repeated every t,, the power dissipation 
U = Wlt, = 3.6ydltP. Hence, if the device is limited by the power 
U it can dissipate, then the fastest achievable switching time is t ,  = 
[ 3 . 6 ~ d / U ] l ’ ~ .  Assuming that the FLC SLM would operate in reflec- 
tion, and therefore have a thickness d = 1 pm, and could dissipate 
100 mW/cm2 without any special cooling system, its switching speed 
would be limited to 13 p s  if the FLC material had a viscosity of 50 
cP. This speed is comparable to the intrinsic speed of today’s best 
FLC materials. If the dissipation limit could be raised to 10 W/cm2, 
by active cooling systems, the achievable switching time drops to 1.3 
ps .  Both the 100 mW/cm2 and the 10 W/cm2 performance are better 
than could be achieved with the intrinsically much faster solid-state 
electrooptic materials LiNbO, or PLZT in an SLM with 10 pm pixels.”4 

Thermoelectric detection. We now briefly describe a final example 
application where the FLC is used to detect temperature rather than 
to modulate light. Since FLCs are ferroelectric they are also pyro- 
electric, meaning that their polarization strength depends on tem- 
p e r a t ~ r e . ~ ~  This property allows thermal signals to be converted to 
electric signals. Both surface-stabilized2’ and field-unwoundsy cells 
have been used, with the detected heat generated by the absorption 
of light in a thin layer on the bounding plate or in a dye in the FLC 
itself, respectively. Even previous-generation FLC materials had fig- 
ures of merit better than conventional solid-state pyroele~trics~’; to- 
day’s state of the art materials could be an order of magnitude better. 
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