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Abstract

The electroclinic (EC) effect , which appears in smectic A
phase near the transition temperature, is one kind of tunable
optical transmission variation resulted from the tilting of LC
director perpendicular to the applied electric field. EC 1is
known as the most fast electro optical (E-0) effect in the E-0
effects which have been found in 1liquid crystal, of a typical
response time approaching to 1lus. This effect is expected to
find wide application in the optical computing and optical
processing.

EC effect was discoveried by R.B.Meyer in 1875, as a critical
behavior in the phase transition process from the smectic A
(SmA) phase to chiral smectic C (SmC™) phase. Recently, because
large transmission variation has been realised with the
improvement of materials, EC effect attracts wide attention in
the aspect of optical computing. But the basic property of EC
effect remains almostly unknown. To make effective use of EC in
optical computing practically, it is necessary to made the basic
property of EC clear.

In this thesis we have investigated the origin and the basic
property of electroclinic effect. As a conclusion, it has been
made clear by this thesis, that the electroclinic effect appears
not only in chiral SmA phase, but also in the chiral SmC™ phase,
even in chiral nematic phase. The amptitude of EC effect is
found to show divergent increase when the sample temperature
approaches to the transition point, the temperature dependence
ol WEGC. coefficlentz' (the sHiLt wanglepstibkas Whe ‘electric @ filelid

strength) is shown to be Ko(T-Tc) ', where Tc¢ represents the

transitionspolnt, ‘and ratio“ofiaN tor *SmMA phase, and Kse for




SmC™ is measured to be 2.3. This value is near to the predicated
factor 2 of analyzation by modefied Landau phase transition
theory. The dielectric properties of EC effect were also
studied, the dielectric constant, corresponding to EC, at a
frequency of 2KHZ, show a divergence at Tc. The smectic layer
deformation where the LC director tilts has been studied. It has
been made clear that the smectic layer change 1its direction
together with modulation in the planes parallel to the substrate
to keep 1ts thickness, when the LC director was tLiltecd by
electric field.,

We modified Landau phase transition theory to interpret
electroclinic effect discovered in SmC™ phase, with using an
order parameter which was defined as the tilt angle which
describe the symmetry difference between SmA ( belong to point
group Dwn) and SmC™ ( belong to Czn), and the polarization P
induced by the electric field. The analyzation predicts that the
temperature dependences of electroclinic coeffliclient 19
dielectric eonstant & , and response time tr wvary as (T-Tec) %,
where T¢ is the transition point between SmA and SmC™ phase.
These results have been verified experimently, good agreement
has been found.

In addation to the research on the material property, the EC
device properties have also been studied. We have discovered,
for the first time, the EC effect show strong surface
orientation dependence. The amplitude of EC effect decrease with
the rubbing number of orientation film, and decrease with the
decrease of sample thickness. we have found that the transition
point Tc between SmA and SmC™ phase measured from the divergent

peak of dielectric constant, is largely influenced by the

surface orientation. The transition point Tc¢ shift to low




temperature when the sample thickness decreases, but to high
temperature when the rubbing number of orientation increases.
The surface dependence of EC effects were discussed by
introducing an surface potential, at the physical surface, which
was consisted of an two term polynomial of the tilt angle of LC
director, a linear term corresponding to the polar interaction,
and square term for nonpolar interaction between the surface and
LC layer. From analyzation, we found that non polar part
contributes only to modify the phase transition point, While
the polar part not only change the transition point, but also
change the curve of the phase transition.
The analysed results where the surface influence was
considered, has been verified experimently. It is shown that the
theoretical model interpreted the experimental results

sucessfully.
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§ 1Rl Prerace

The development of liquid crystals (CEs) as basic
electronic materials similar to semiconductors and insulators,
is now an active and viable field. Liquid crystals exhibit
good electro-optical properties due to their anisotropic
nature and therefor have wide display applications. Liquid
crystal displays (LCDs) are known for their flexible sizing
properties, flatness, low power consumption and high
information storage capacity, making them competitive with
cathode ray tubes (CRTs) and other flat panel displays.

The most widely used LC materials in electro-optic devices
today are the nematic 1liquid crystals (NLCs). The response
time of NLCs, which is dependent on the dielectric anisotropy
(Ag), 1is in the millisecond range. The slow response time
decreases the potential utilization of NLCs in video TV and
optical computers. Such a problem was answered with the
discovery of ferroelectric effects in chiral smectic C liquid
crystals by R.B.Meyer?2.

The ferroelectric effect exhibits a direct coupling between
the electric field E and the spontaneous polarization P in the
form of P=E. This gives rise to very high switching speeds
near the microsecond order. NLA%, (Clarck ‘and "S:T. ‘Lagerwall®
further 1improved the use of ferroelectric ITiquid erystals
(FLCs) in el ecbro=opuical devices through the surface
stabilized ferroelectric liquid ecrystal (SSELE) “which has ‘a
high response speed and show memory effect.

Today, a new electro-optic phenomenon, the elecctroclinic

(EC) effect® ® has been found. The EC effect gives switching




time below the microsecond range, approaching the solid

device capability*®.

§1.2 Electroclinic Effect®™®

The electroclinic effect appears in the smectic A phase, in
the vicinity of the phase transition temperature range from
smectic A (SmA) to chiral smectic C (SmC™) phase. Considered
as a pretransition effect, it 1s a weaker director tilt
induced by an external electric field.

The smectic A phase exhibits a layered structure with the
[.C director perpendicular to it. However, for the smectic C
phase, the director is orientated at an angle 6 with respect
to the normal to the layer.

The molecules are free to rotate about their long axis in
SmA phase. So the smectic A phase is uniaxial with the long
molecular axis or the normal to the smectic layers, and a
twofold axis perpendicular to the molecules. All of the planes
containing the molecular long axis and the twofold axis are
mirror planes. If an electric field E is applied parallel to
the smectic layers, the free rotation is biased due to the
tendency of the traverse component of the permanent molecular
dipole P to orient parallel to the field. All of the symmetry
elemants are destroyed, only one twofold axis along the
electric field and one mirror plane containing electric field
E and molecular 1long axis n(Pn plane) are maintained. The
mirror plane corresponds to a free energy minimum, SO no
tilting of LC director appears in a non chiral system.

llowever, for the smectic A phase consisted of optical

active molecules (chiral molecules), the chfv el ty o Sthe

phase destroys all mirror symmetries, the Pn plane does not




maintain as a minimum for free energy, therefor, the
molecules tilt away from Pn. IFor small f(leld, the rotatlon
bias and the induced polarization are 1linear to the field
strength; the induced tilt angle is proportional to the field
strength. The electric field induced tilting of LC director
of the chiral smectic A phase 1s referred to as the
electroclinic effect (EC) effect.

The rotation of LC molecules around their long axis show an
relaxation frequency of tens MIIZ in the SmA phase, so the [EC
effect shows response time even below microsecond. This high
speed, together with the linearity, low power consumpution,
flexible size and high capability for storage information make
EC to be the most promising E-0 effect in the area of optical

processing and optical computing.

81.3 The research of electroclinic effect

The EC effect was predicated by R.B.Meyer?, theoretically,
Garoff and Meyer® confirmed the predication experimentally by
using the dectloxybenzylidene-p'-amino -2-methlybutyleinamate
(DOBAMBC) . They used the sample structure where the smectic
layers were parallel to the substrate. The electric field was
applied in the traverse direction and the tilt of the LC
director was determined by the measurements of induced
birefringence. This system is not practical due to the
limitations in the applied field and the dast Bl el 1y in
producing a monodomain smectic A phase. G. Anderson® et.al.,
improved the Garoff geometry and developed the ECE to a
applicable level. Instead of a planer alignment, they used

one in which the smectic layer perpendicular to the substrate.

Such geometry produced a uniform director alignment, hence a




strong electric field and a smectic A monodomain could be
easily realized. An optical modulation of 6% or a 5-degree
variation range of tilt angle was obtained. Moreover the
Anderson group piled up several pieces of electroclinic cells
for larger optical variations. Experimental work is
complemented by the research on the synthesis of materials
where Y.Ouchi'', et. al. reported a giant ECE in the smectic A
phase.

The theoretical basis for the existence of the ECE and its
relation to other material properties remain unknown. The only
interpretion of the electrolcinc effect 1in given by the

bl e S L Doors Dieat  aid

modified Landau-de Gennes theory
Patel®-® discussed the nonlinear behavior of ECE in the
vicinity of the transition. The existence of the ECE in other

® have also been

phases as well as magnetism-induced effects®
reported.

From dielectric point of view, the electroclinic effect
corresponds to the soft mode in SmA *7°'® or SmC* which
contains chiral dopants, with respect to the Goldstone mode.
In the SmA phase, only the soft mode exists, however, in the
SmC™ phase, besides the soft mode, another much stronger
response, resulted from Goldstone mode exists. In smectic C
phase, the two dielectric response were distinguished from the
temperature and frequency dependence of the dielectric
constants®® 22, However, it is difficulty to separate the two
modes as no sufficient results have been obtained before the
utilization of bias electric field parallel to the smectic

layer, to suppress the Goldstone mode.

81.4 The content of this thesis




The purpose of this research is to study the electroclinic
effect systematically, including external field and
temperature dependence, optical and dielectric properties and
symmetry conditions of liquid crystal phases that exhibit such
effect.

This thesis consists of the introduction and seven other
chapters. In chapter 2, the basic properties of liquid crystal
phases and sub-phase electro-optical effects will be
discussed. The phenomenal theory of ferroelectric LC and the
ferroelectric effect, which are closely related to the IEC
effect will be the topic of chapter 3. Chapter 4 1is a
theoretical study of the electroclinic effect, confirming its
exitence 1in the smectic A phase and the possibility of
observing it even in the ferroelectric phase. Some
experimental results in support of the above discussion will
be shown. Chapter 5 and 6 will give a thorough discussion of
the experiments done and the major conclusions drawn. The
confirmation of a temperature dependence of the form (T-T¢) !
and a divergent behavior of the dielectric constant in the
vicinity of the phase transition will be discussed. Some
dynamic feature of the EC effect, i.e., divergent decrease of
switching time, for EC effect, above and below the transition
point i.e. for the smectic A and the ferroelectric phase
respectively are included.

For the first time, the dependence of phase transition
point on surface anchoring based on measurements of the
dielectric constant and the ECE coefficient was demonstrated.
Such phenomenon could be explained by introducing a surface

potential at the physical surface which 1is consisted of

polynomial of the tilting angle, a linear term, corresponding




to the polar interaction, and a square term, corresponding to
the non-polar 1interaction between surface and LC 1layer.

Chapter 7 gives the conclusions.
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8 2.1 Lliquid erystal phase

LLiquid crystal is a type of state, similar to the solid,
liquid and gaseous states, observed in organic compounds and
other materails with rod-1like and disc-shaped molecules
Gaaliade 50 The discovery of liquid crystals dates back to 1888
when Reiniter observed optical anisotropies in molten
cholesteryl benzoate under the polarizing microscope to a Liquid
Crystalline mesophase. 1t was called liquid crystal because of
properties intermediate between the solid crystalline and the
ordinary isotropic liquid crystal phases.

Based on symmetry considerations, there are two types of
liquid crystals: the nematic phase CE L oe 28 with an
anisotropic structure due to the orientation of the long
molecular axis; and the smectic phase (Fig.2.2b) which exhibits
both long molecular axis orientation and layered structure of
the molecular centers. Depending on the order of the layered
structure, the smectic phase may be classified as SmA (Smectic
A), SmB,....SmI. Liquid crystals may also be classified as
chiral ( the consistent molecules is different from its mirror
image) or non-chiral systems. An ordinary nematic can be
changed to a chiral nematic phase (N*) by dissolving a chiral
material in it, resulting in a helical structure. A chiral
smectic phase may also be obtained by doping with a chiral or

opticall active material. The most widelyknown of these is the

chiral smectic C.

The orientation of 1liquid crystal molecules 1is described
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in terms of the director n. Many physical properties may be
described in terms of n. The dielectric anisotropy, Ac= € - € ,
is the difference between the permittivity, parallel and
perpendicular to n. The birefringence, An=n -n, is likewise
computed from the difference in refractive indices measured with
respect to the director. The director n also responds to
external forces, e.g., an electric field. In some cases, 1its

distortion takes place over macroscopic distances and may be

observed optically.

§2.2 The mean molecule-field theory for liquid crysta

The anisotropy of 1liquid crystals arises because of the
tendency of the rod-like molecules in the fluid to align their
long axis parallel to the director. At finite temperatures, the
thermal motion of the molecules prevents perfect alignment with
n; the orientations of the molecules are in fact distributed in
angle.

For nematic phase, because the cylindrical symmetry, only one

1
order parameter, by tradition ’—(3<c052®>~1), is used to
describe the structure. Clearly,z for the completely ordered
nematic phase equal to 1, and for the disorderd isotropic
phase, S equal to 0. The stability of the nematic liquid crystal

results from interactions between the consistent molecules. In

spirit of the mean field approximation, the effective single-

molecule potential function v is used o mimic these
intermolecular interaction. [t is c¢lear that the potential

should be dependent on the angle between molecules. Ordinary, a




form of (2.2) 1is used.

"}

V(cos®) = -vP2(cos®) S (-2 4)
where P2() represents the second-order Legendre polynominal. In
the mean field discussion, the interactions between individual
molecules are represented by a potential of average force
ignoring the fact that the individual behaviors and interactions
of molecules may be widely distributed about the average.

The rules of classical statistical mechanics give the
orientational distribution function p(cos®) in terms of the

potential function v» as

p(cos®) = Z *exp{BV(cos®)} (24500

1
Z = J exp{pB¥(cos®)}d(cos®)
0 (0 85
where 7Z is the single-molecular partition function and g=1/KT.
The order parameter is just the average value of the second

Legendre function for given molecule, therefor

1
SyE J P2(cos®)p(cos®)d(cos®)
0

(254

substuting (2.3) Entost2i5) . dt rives
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Fig. 2—Temperature dependence of the orde

solving the self-consistency Iquation,

rium solutions are shown as the solid lines.
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r parameter obtained from
Eq.25 . The stable equilib-




1
J P2(cos®)exp{pvP2(cos®)S}p(cos®)d(cos®)
0

Jlexp{BVPZ(cos®)-S}d(cos@)
0 (2.5)
This is a self-consistent equation for the determination of the
temperrature dependence of the order parameter S. Fig.2.1 shows
computer calculated result of equation (2.5). A non zero S
appears below a finite temperature Tc, this is coincident with
the experimental results.

On the other hand, for smectic phase, this phase ordinarily
appears below the nematic temperature range, is characterized by
a periodic density function p(Z), for mass centers of molecules,

with a period d, that can be expanded in the Fourier series,

(e
Oz =00 206> PrCOoS(Nqz)
n=1 [\ 86H)
z 1s the layer normal direction, q=2II/d. In smectic phase, the
interaction between two arbitrary planes, situated at z and z'

is assumed to be

—U(z)=—J A(K)cos{(z-z"') }dK

(2.7)

where

+ @
A(K)=—J U(z)cos(kz)dK
e (2259




similar to the discussion for nematic phase, a self-consistent

equation for p can obtained as

1 (20
p === cos(n¢)exp{-pMt(p) }de
Z

0
(5.10)
with
211
= exp{-8Mt (o) }do
0
(A58 1515
[0 0]
Mt ()= 2 Unpncos(ngz)
n=1
Eu 120

The computer calculation of equation (2.%$) shows that below

transition point Tc, layer structure, with a period d, appears.

§23 The continuum theory for liquid crystal

Liquid crystals are elastic-like materials which can respond
to distortions due to surface containts and c¢xternal fields.
Such distortions result in alignment deformations. The
deformation is best described using the continuum theory first
postulated by Osee-Zocher and put in mor complete form by Frank.
This theory describes the distorted state in terms of a vector
field n of variable orientation. The fundamental equation of the

continuum theory is the free energy density, Fd, which in its

simplest form is given by




1 1 i
f= - K11(V.n)2 + - K22(n.9xn)2 + - Kaa(nxVxn)?
2 2 2
(2" -8
where K.., K22 and Kss are the splay, twist and bend elastic

constants. In the chiral phase where a helical structure exists,

the second term is modified to the form

il
- Kas (nxVxn+p0)?

2 (20 1:48)

It is possible to analyze all macroscopic orientations under the
condition that the distortion energy must have a minimum in the
stable state.

For smectic liquid crystals, the deformation of the layers
must be considered. In general, twist deformation is not
possible; but for chiral smectic C if small variations of layer
thickness are negleted, a spontaneous bend and twist deformation

may be introduced and equation 2.1 takes the form

1 1 1!
f= - K12(V.n)? + - Ka2(n.Vxn+p )2 + - Kas(nx¥xn+p )2 . (2.15)
2 2 2

§2.4 The electro-optical (E-0) effect in liquid crystal
Optical variations induced by an external electric field is

known as the electro-optical effect. Liquid crystals exhibit

different types of electro-optical effect.

In nematic LCs, three types of electro-optical effects have




Fig.3. The director deformation in the nematic liquid
crystal.
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Fig.5. The orientation of molecular director, and
spontaneous polarization of ferroelecctric liquid
crystal in thick sample.




been observed. The first is ion-current-induced perturbation of
the director n which produces a strong scttering of light. For
[.LC systems with negative dielectric anisotropy, the perturbation
is due to the orientation of the director n perpendicular to the
field and the motionof the ions along the direction of the
applied field. The second type is an electric field induced
reorientation of the director n observed through bireflfringence
effects. This is the most popular E-0 effect used in LC display.
Athird electro-optical effect in nematics 1is the wave guide
reduced rotation of polarization. If sufficient twist defors the
nematic layer and the Mauguin condition for polarization is
satisfied. the nematic layer bahaves as 1 the polarization
rotation is due to the twist of the director.

In smectic liquid crystals no remarkable E-O0 effect has been
observed has been observed in pure SmA or SmC. However, for
the smectic phase consisted of optically active molecules, or
the chiral smectic phase induced by doping which assume a
helical structure (Fig.2.6), the director of n varies with the
layer and a spontaneous polarization (Ps) exists in the layer
direction. When an external electric field is applied to SmC™,
Ps will result in an orientation parallel to the field. The
torque experienced by n is PE. For this reason, a thick sandwich
sample may be found in three states: the helical structure and
two homogeneous states, with the Ps directed wupwards or
downwards depending on the field direction. This type of E-0
effect has also been observed in other chiral smectic phases.In
the chiral smectic A phase, a unique electro-optical effect

known as the electroclinic effect has been found and this

is the topic of this research.
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The topics of theis thesis 1is electroclinic effect 1in
smectic liquid crystals. In ‘partieular, we consider the
electroclinic (EC) effect as a fluctuation of the ferroelectric
behavior. Anomalous variations of ferroelectric properties, in
the SmC™ phase, leading to very large EC effcct for special

materials will also be discussed.

83,1 General Discussion of Ferroelectricicty in LCs

R.B Mayer? pointed out that it 1is possible to observe
ferroelectricity in a chiral smectic phase. Fig.6 shows a
structure of smectic C and its high-temperature A phase. The
molecules of smectic C exhibit monoclinic symmetry. In general,
monoclinic cell contains three symmetry elements: a two-fold
axis normal to the tilt direction and in the plane of the layer,
a mirror plane normal to the two-fold axis, and a center of
inversion. However, for a chiral molecule, no mirror planes or
center of inversion exist. The molecular and environmental
symmetry leaves the structure with only a two-fold axis.
Therefore, it is necessary to have a spontaneous polarization
parallel to the two-fold axis. On the other hand, in the high-
temperature smectic A phase, the molecules rotatie freely about
their long axes, which are perpendicular to the smectic layer.
If each 1layer corresponds to the group D, spontancous

polarization is not possible.

At temperature near the transition point, the behavior of the
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Elg. 6. The coordinate for treating the [Fluctuation o tilve
tilt angle ® in the smecctic phase In the vicinity
of the transition point.




be

material may

described

by the Landau-de Gennes phase

transition theory. The order parameter of the transition are the

components of the in-plane spontaneous polarization Px and Py
which describe the order of the dipoles tranverse to the long
axis. The quardratic combinations £1=nznx and €£2=nzny of the
molecular director n for the tilt-type description is also
necessary to be used.

The transition between SmA and SmC* 1is a second order
transition. The order parameter takes small values near the
transition point. The free energy f(p,T,%£1,&(2,Px,Py) may be
expanded in powers of

1 1
£ = - An( £1%482% )+ - B#(£2,+£2,)2 + T, Gahaly
2 4
where fo represents the free energy of pure smectic A phase,
A=a(T-T.), a>0, B>0.

In a chiral smectic phase,

by the Lifshifz term

d€=

)
dz

dPs.

Pie— -

Tdz

The
coupling

i

L

symmetry of the

terms between

the helical structure is described

d&,
2 (32
dz
AP
Py (3% 20
dz
high temperature SmA phase, allows two

the molecular tilt and dipole ordering,




37

1 "Piezoelectriclike" coupling?®®

ngz i Pygl (3-4)

2 "Flexoelectric" term

dé. d€»
Px— + P

dz dz

(3.5

a
~

Therefore the total free energy of the smectic phase in the

neighborhood of the transition point is given by

it ) dé. dé&,
f = —A*(g12+£22)+ A*(gl’_— - gz""")
2 dz dz
1 dé&, dé. : . dé2 dé,
+ -Kaa|(—)2+(—)? + N(EL2+EL2)(E— - £ 2—)
2 dz dz dz dz
9L ) d§, dé.
b = X_l(l)xZ & I)yz) —M( Px__ it Py ”—')+ C(ngz i Pygl)
2 dz iz,
(8.6
In the coordinate system shown in Fig.6, the components of

director n (i o and the traverse components of the

spontaneous polarization P., P, can be described by

€1

sin®-cos(qz) £2 = sin®-sin(qz)

0
X
!

-Po*sin(qz) P

Po+cos(qz)

1l




In the smectic A phase, the magnitude of the fluctuation

is determined by the temperature, for small amplitudes of @,
sin® may be approximated by ©. If we substitute (3.7) into (3.6)

and take the average over the helix, we can write (3.8) as

1 (L
Fg® = - fedz
2 Jo
] - - ] b ] -
= -+*AO® + AQO? +--K339%20% + —P? —(pq +C)OP
9, 2 2x
) 1
= A 0% + —P2 - COP
2X

(83328

In the smectic C phase, ©® shows spontaneous tilting, hence

higher order terms must be considered, Eq.(3.6) becomes

it il dEz (]El
f = “A*(812+£22)+ ‘B*(£21+&-22)2 + A% (&, — - §2—)

2 4 dz dz
1 dé. dé. dé. dé.

+ -Kag|(—)?%+(—)?2 + 7](512+$22)(£1"" - £2—)
2 dz dz dz diz;

1 dé. d§.
ar s X_l(sz k Pyz) _U( Px— it Py )+ C([)xgz = Pygl)

2 dz dz
(380

similar averaging over one helical

period gives



1 1 ; | 3 I ,
= —*'A®2+ —BO*+ A(l(”)) +_'K:1:1(12(”)1 + ——p? -(nq +C)oP
2 4 2 2
1 9. 1 b i
= — A 0®? + -BO?' +—-P?2 - COP
2 4 2X

(£31.1:08)

If an electric field is applied, the coupling energy of the
polarization sands the” “flieldiy SE=E, must be integratedinto the

total energy, so the Eq. (3.10) yields

| A x 1
Fe®e = - A'0% + -BO* +—-P2 - COP -E-P
2 4 2X

(3.11)

where A= a*(T -To').

§3.2 A General Discussion of Ferroelectricity in SmC™ phase

for a material showing ECE

In the last section we have given the descriptions for the free
energy of a chiral smectic liquid crystal. In this section, the
possibility of ferroelectricity in two smectic phases, the SmC#*
and SmA phase, will be discussed.

The free energy of the chiral smectic C phase in the

neighborhood of the transition point is given by

1 1
Fe®e = - A'0% + -BO* +— P2 - COP
2 4 o

The values of the variables ® and P can be determined by

imposing the condition that the free energy takes a minimum,




i.e. setting the flrst derivatives equal to zZcro

S = ) N

—— = A'® + BO® -CP =0 (3.13a)
20

™

— = X" 'P - C+0 =0 (3.13b)
oP

From (3.13b), P is described in terms of ® as

Snbstlituting of (3.14) into (3.13a) results in

(A - x C?2)+0 + B-®® = 0 . (3.1

There are two solutions to equation (3.15). One is ® =0.The

is a temperature-dependent one which can be written as

B (38

.14)

other

.16)

For simplicity, we write A -xC? as Al= a(T-Tc), Tc=TO0 + xC?/a.

The incremental part of the transition point is due to

the

coupling of the polarization and the tilt of the chiral

molecules.

The acceptable solution is the Eq.(3.16), because satisfies the

minimum free energy condition.

Substituting (3.16) into (3.14), yields a non-zero value of

the polarization at a temperature below the transition point

which is given by




Ps is the spontaneous polarization, which depends on
temperature(T - Tc) *72,

From above discussion, it has been shown that chiral molecules
produce a linear coupling of polarization and molecular tilt.
The chiral smectic C phase shows a ferroelectricity.

We now consider the situation of smectic A phasc. From above
section the free energy for smectis A phase has been described

as,

e

1
Fee = - A'®%2 +—-P2%2 - CO@P
2 2X (3.18)

The simultaneous state equations are written

T .

. 2 e B SOSE = (3.19a)
00

Gl

. = x"1«P -C+@= 0 (3. 1:9D)

One solution of these equations is ® =0, P =0. In smectic A
phase, A >0, hence this solution corresponds the minimum of the
free energy, it describes the real situation of smectic A phase.

It is clear that the smectic A pahse 1is impossible to be a

ferroelectric phase.




§3.3 The Experimental Results of Ferroelectric Liguid

Grystals

The experimental results on the ferroelectric behavior in the

chiral smectic C phasewill be introduced in this section. A

comparison of two materials which exhibt and do not show the

electroclinic effect will also be discussed.

@® Layer structure of the smectic C phase

Smectic liquid crystals are characterized by layer structures.
The thickness is temperature-dependent. Such dependence is very
important for the smectic phase, since it explains the formation
of the chevron layer structure in the SmC* phase. |3l 5 ea 5

illustrates the X-ray diffraction result of T64E. The fact that

only first order diffraction appears means that the

layer
smectic phase is only a density distribution. Hence, no real
lattice exists. In (b) and (c¢), a comparison of two materails

with and without the EC effect, was done. For an ordinary FLC
only spontaneous tilting is resulted, resulting in a decrease of

layer thickness. However EC effect materials show a divergent
decrease of layer thickness, which is related to the anomalous
tilt of FLCs,

We now consider another situation where the FLC material is
sandwiched between cells with a homogeneous alignment. In the
SmA phase, the layer 1is perpendicular to the substrate. After
the transition, the thickness decreases. In order to maintain
constant volume, the layer become tilted with respect tTo the

substrates. To find the direction of the layer, the counter of

diffractometer is fixed, when the sample is turned. [aisgen|E o) i),
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Fig.7. The result of X-ray diffraction of 764F which shows
electroclinic elffecl was meastured at 25°C (Te:28°C ).
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show the results. An ordinary FLC material shows a chevron

structure®?® while 764E, which shows a strong EC effect , shows

a nearly perpendicular structure even in the smectic C phase.

@R Ay e

As mentioned in chapter 1 , for thin samples in smectic C
phase, the chirality-induced helical structure would unwind and
homogeneous alignment of the director field will be formed in
the sample. If an electric field is applied, the alignment would
switch to another stable homogeneous state. These two states
show a distinct directions when the sample is placed between
crossed polarizers. By measuring the angle of these two
distinct directions, the tilt angle of the material can be
measured.

Fig.13 shows the result of a typical ferroelectric liquid
crystal ZLI-3654 (Chisso Chem.)®°. 1In the temperature
dependence of tilt angle, a relation of ( T -Te¢)*”? was

confirmed.

@ . The Spontaneous Polarization

There are many methods®® ‘% to determin the spontanecous
polarization. One 1is by measuring the reverse current of
polarization. When an ac field is applied the current through
the sandwich cell consists O the reverse current of
polarization

, the dielectric current and the ion current,

These can be written as

I-to T -[re 3 i e b vsh

(3% 2.0
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The response speed of l;on is much more slow than the other two
ferms dn. BEqg. (3,200 At the proper frequency, the totalcurrent
I.. may be approximated by Ilaie and I;on. Ordinarily, a square
or triangular wave voltage was used in the measurement, so Ia;e
remainedconstant in the reverse process of Ps. A current pick

resulting from Ps, then appears in the region where the field

change its sign from positive to negative.

d(Ps*cos®) de
Lyra=S* = —S*Pg*sin@--
dt dtso
(824
Hence
J‘ J‘n i
Ps =|lredt * | (-sin®)de = - Jlre-dt
0 2
{(3:..25)

Fig.13 indicates the Ps for ZLI-3654 obtained by the triangular
wave method. A (T-Tc)'”? behavior was found for the tilt angle.
similar to the behavior of tilt angle. Fig.15 shows the Ps of a
FLC which shows strong electroclinic effect in the smectic A

phase as a function of temperature. Deviations, between the
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experimental results and the relation (Tc-T)'”*, especially in
the vicinity below transition point 1is attributed to the
electroclinic effect 1in the smectic C Phase. This will be

discussed in the next chapter.

@ . The helical pitch

In the suggested model, helical pitch is constant. However many
groups report an anomalous temperature-dependence of the pitch
for many types of FLC materials?®® %¢.

There are many methods used to measure the helical pitch. One
method is measuring the selective reflection of white 1light
perpendicular to the 1layer of a homeotropic aligned cell??®.
Measurement of the internal of stripes caused the helical
structure in a homogeneous cell is also alternative procedure.
In this research, the laser diffraction method was used. The
period variation in the direction of the direcctor produces a’?
°% periodic distribution of the refractive index, resulting in
the diffraction of a layer beam. Fig.16b shows the result. with

an almost (Tc-T)*“2 relation.

83.4 Conclusion

In this chapter we discuss general ferroelectricity in liquid
crystals, with emphasis on electrociiiniciseffect, An EC effect
material exhibits a special behavior in its ferroelectric LC
phase. The next chapter will deal more extensively with the

electroclinic effect.



ChapterlV Bl OCTROCLE I NTC BEFFECTT

From this chapter, the center topic of this thesis, i.e., the
electroclinic (EC) effect will be discussed. In chiral smectic
phase, because of the existance of the coupling of polarization
and tilt angles the electric field which is parallel to the
smectic layers induces tilting of LC director. This phenomenon
is the electroclinic effect. In this chapter, the possibilities
of EC effect in the chiral smectic C phase and smectic A phase
will be discussed in terms of discussing the free energy,
similarily to the last chapter. Also the theoretical

calculations will be compared with the experimental results.
§4.1 The electroclinic effect in smectic A phase

® .The argument on the symmetry of the smectic A phase

The smectic A phase exhibits a layered structure with the LC
director perpendicular to it. The molecules are free to rotate
about their long axis in SmA phase. So the smectic A phase is
uniaxial with the 1long molecular axis, and a twofold axis
perpendicular to the molecules. All of the planes containing
the molecular long axis and the twofold axis are mirror planes.
If an electric field E 1is applied parallel to the smectic
layers, the free rotation is biased due to the tendency of the
traverse component of the permanent molecular dipole P to orient
parallel to the field. All of the symmetry elemants are
destroyed, only one twofold axis along the electric field and
one mirror plane containing electric field IZ and molecular long
axis m (PP plane) are maintained. The mirror plane corresponds

to a free energy minimum, so no tilting of LC director appcars




in a non chiral system. However, for the smectic A phase
consisted of optical active molecules (chiral molecules), the
chirality of the phase destroys all mirror symmetries, the Pn
plane don't maintain as a minimum for free ecnergy, therefor,
the molecules tilt away from IPra. FFor small [licld, the rotation
bias and the 1induced polarization are 1linear to the field
strength; the induced tilt angle is proportional to the field
strength. The electric field induced tilting of LC director of
the chiral smectic A phase is referred to as the electroclinic

effect (EC effect).

® . The phenomenal theory of EC effect

The discussions 1in the 1last chapter has shown that the
ferroelectricity in LC materials 1is resulted from the 1linear
coupling of the polarization and the director tilting. The
electroctinic effect is also caused by the coupling of these two
factors. To consider the EC effect, it is necessary to deal with
the state variables, i.e., the tilt angle and the polarization
underelectric field.

The free energy descriptions for the smectic C and smectic A
phase, where no external electric field is applied, have been
obtained in the last chapter. The total energy where electric
field exists consists of the summition of the free energy and
the electric energy. Two kinds of electric energy must be
considered in the LC materials. One is a coupling between
polarization and the field P - E . The other is results from the
dielectric anisotropy of LC materials, which can be written as
1/24¢E?sin?@sin?®. This term is very small contrast to P - E
it will be ignored in later discussion.

The situation of the smectic A phase containing chiral




molecules where the EC effect 1is the only response for an
applied electric field will be considered at first.
The total energy for the smectic A phase which contains

chiral molecules can be written as

‘P2 - P-E -COP
2X (4.1)

Fe'g = A 0% +

The variables P and ® can be calculate from the similtaneous

eq (4 52
F "k i
= A ® -C-P =0 (4.2a)
20
GF}‘:A]‘.
= x"1«P - E -C+0 =10 (el )
P

It is easy to get the polarization P from (4.2b),

PR (Sl CINETN ) (4.8)

substitutiing (4.3) into (4.2a) gives

(A° - XC?)+® = xC*E (4.4)

The solution of (4.4) is

xC

B RO (4.5)

like what has been done in the last chapter, a new form (4.8)

for ® can be obtained by writting A"~ -xC2? as a(T-Te),




xC
§ = ————E
af. T ~P¢i) (4.6)
Tt ds clear sthat the tilgsawele ‘of LC direetor '1is proporticnal
to the field strength in smectic A phase. This shows the EC
effect of smectic A phase. For convenice, a new parameter K,
the electroclinic coefficient will be introduce to describ the

EC elffect later.

a( T -Tc) (A7)
As can be understood, the electroclinic coefficient shows

divergent 1increase when the sample approaches the transition

point.

§4.2 The Electroclinic effect in the SmC™ phase

The usual EC effect which appears in smectic A phase has been
reviewed in the last section. 1In this section, the possibility
of the existance of EC effect in chiral smectic C phase will be
discussed by considering the symmetry of the phase, and the
coupling between the polarization and tilting of the director.

In smectic C phase, the free rotation of LC molecules is
biased by the spontaneous tilting of the long axis of the
molecules. If the phase transition from the SmA to SmC™ is the
first type, the rotation of the LC molecules in smectic C phase
Is hard to be changed, no further tilting of the direcctor can be

induced by the external field. However, if the transition is




the second type, the anisotropy of the molecular rotations in
smectic C phase is very small, and is easy to be changed by the
electric field perpendicular to the molecular long axis. The
further biasing of the molecular rotations would induce further
tilting of the LC director. For approximation, the tilting is
proportional to the biasing, i.e., the polarization or the filed
strength, hence the tilt angle would be proportional to [lield
strength.

On the other hand, the EC effect in SmC* may also be
discussed using the total free eneregy tof LC materials.
According to the 1last chapter, the free energy of the chiral

smectic C phase is

. . 1 1 X
Fee = - A 0% + -BOY +— P2 - E-P - COP
2 4 2x
(4.8)
The state equation is
Fol g ) 3
— = A @ + B+e®¥ —C+P = 0 (4.9a)
0
Y D
———= SR DE_E G D= () (4.9h)
P

Reminding the solution ©, for eq.(4.9) where E =0 in the last
chapter, taking account of the fact that the electric field
gives only small fluctuation of the tilt angle, 0 = 0, +860 will
be presumed as a new form for ®, where 80 is a incremental part
because of the existance of the electric field. Then the

equation changes to

A (0o +80) + B+(0o +60)°% -C+P = 0 (4.10a)

-44 -




X P -E - C+(6o +80@)= 0 (4.10b)

Eq.(4.10b) gives

P=x{E+ C-(0s +80)}

A new equation about ®o and 6@ can be obtained by substituling

(4.11) into (4.10a) as

A (0o +80) + B+ (0o +80)° -C+x { E + C* (0o +80)} =0
(s 1227
In this equation, the higher order of 6® can be omitted because
30 is small for a real field. Then (4.12) changes to

{A 06 + BOo® -XxC2%00} +{A 660 +3BO,560 -xC280 -xCE} = 0

(45189
It has been clear that

A O + BOo® -xC20, =0 (4.14)

in the last chapter. Eq.(4.13) changes to (4.15) by substituting
(4.14) into (4.13).




A 50 +3B0o280 -xC?80 -xCE =0

The solution is

Considering 057 (A" -xC?)/B,

X

50 -
~2(A"-xC?)

Clearly this is

phase. Similarly, the

phase can be defined.

E e

C

2a(T-Tc)

84.3 The Electroclinic Effect

2a(T-Tc)

the electroclinic effect

electroclinic

(4.16) can be written as

XE

—

iEn ek al

coeffiecient for

(4.16)

smectic C
the ' Smes
(4.18)




The possibility of the electroclinic effect both in smectic A
and C phase has been shown. The electroclinic coefficient show
divergence at the transition point from the SmA to SmC™ phase.
lHowever, the absolute value of EC coefficients for SmA and SmC™
are different by a factor 2.

The theoretical results will be confirmed ecxperimentally in

the following.

@ The structure of the smectic A phase

The monodomain structure for SmA phase is very important for
the optical measurement of tilt angle in EC effect. However,
stripe defects are induced in the SmA sample where the surface
aligning of LC director is recalised by rubbing the substrate
surface, because that the smectic layer always keeps its
thickness constant. The rubbing treatment produce one direction
alignment of LC director at surface only in average, actually,
the investigations with using SEM or STM have shown that the
rubbing porcess produces grooves on the surface®! %2 with
interval of near 4px m. This grooves induce the alignment of LC
molecules at the surface.

Fig.17 shows the stripe defects which appear in the rubbing
cell. The stripes is parallel to the rubbing direction. The
molecular director is nearly parallel to the rubbing direction.
The interval between the stripes decreases with the decreasing
of the sample thickness In reverse proporion relatlen as. 1In
Fig.18. The reciprocal of the interval is shown in Fig . 18, This

relation can be interpreted by using the elastic theory of the
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The polarizing microscope pictures of the smectic
A structure of 764E. (a), (b) and (c) show the f
results for the samples of 1.8um, 8um and 20um,
respectively. '§
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smectic A phase.

The electric field induced tilt is measured by measuring the
transmission of the sample between crossed polarizers. The
transmission of a uniformly homogeneous liquid crystal layer can

be written as

1 m+dAn
I = -+Io+*sin?@+sin?{——— } = A-sin?e0
4 A
(4.19)

Where Io repersents the intensity of the incident light, ©® is
the angle between the director and the polarizer, An is the
anisotropy of the refractive index in the route of the light.
For EC effect the only variable in (4.19) is ©, deviative of
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