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Absi二:ra..c:i二

The electroclinic (EC) effect ， which appears in smectic A 

phase near the transi tion temperature， is one k1nd 0 [ tunable 

optical transmission variation resul ted from the ti1 t1ng of LC 

director perpendicular to the applied electric field. EC is 

known as the most fast electro optical (E-O) effect in the E-O 

effects which have been found in liquid crysta1， of a typica1 

response time approaching 

find wide application in 

processing. 

七o 1μs.. Th1s effect 1s expccted to 

the optical comput1ng and optical 

EC effect was discoveried by R.B.Meyer in 1975， as a critical 

behavior in the phase transi tion 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. 

1n 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 chlral SJnCホ phasc，

even in chiral nematic phase. The amptitude of EC effect ls 

found to show di vergent increase when the sample tempera ture 

approaches to the transition point， the temperature dependence 

of EC coefficient (the t1lt angle v1a the clectrlc fieJd 

strength) is shown to be Ko{T-Tc) - 1 ， where Tc reprcsents the 

transition point， and ratio of KOA' for SmA phase， and Koc for 

<1> 



SmC申 ismeasured to be 2.3. This va1ue is near to the predicated 

factor 2 of ana1yzation by modefied Landau phase transi tion 

theory. The die1ectric properties of EC effect were a1so 

studied， the die1ectric constant" corresponding to EC， at a 

frequency of 2KHZ， show a di verge~nce at Tc. The srnectic layer 

deformation where the LC director ti1ts has been studied. It has 

been made c1ear that the smectic 1ayer change i ts direc lion 

together with modu1ation in the p1anes para11e1 to the substrate 

to keep i ts thlckncss， wllcn tlle LC d l rcc Lor was L i I LccJ by 

e1ectric fie1d. 

We modified Landau phase transition theory to interpret 

e1ectroc1inic effect discovered in SmC本 phase， with usjng an 

order parameter which was dcfined as the tllt angle wllich 

describe the syrnmetry diffcrcnce between Sm̂  ( be1011g to point 

group D∞h)  and SmCホ( be10ng to C2h)， and the p01arization P 

induced by the e1ectric field. The ana1yzation predicts that the 

temperature dependences of eleclroc1inlc cocfriclenl K， 

die1ectric constant ε ， and response timeτvary as (T-Tc)-l， 

where Tc is the transi tion point between SmA and SmC串 phase.

These resu1 ts have been verified experiment1y， good agreement 

has been found. 

工n addation to the research on the materia1 propcrty， the EC 

device properties have a1so been studied. We have discovered， 

for the first time， the EC E~ffect show strong surface 

orientation dependence. The amp1itude of EC effect decrease with 

the rubbing number of orientation fi1m， and decrease wi th the 

decrease of samp1e thickness. we have found that the transition 

point Tc between SmA and SmC* phase measured frorn the divergent 

peak of die1ectric constant， is 1argely influenced by the 

surface orientation. The transition point Tc shift to low 

<2> 



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 transi tion point， While 

the polar part not only change the transition point， but also 

change the curve of the phase transition. 

The analysed resul ts where the sur face influence was 

consldered， has been verified experirnently. 1t is shown thaL thc 

theoretical model interpreted the expcrimental results 

sucessfully. 

<3> 
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91.1 Preface 

The development of liquid crystals (LCs) as basic 

electronic materials similar to semiconductors and insulators， 

is now an active and viable field. Liquid crystals exhibi t 

good electro-optical properties due to their anisotropic 

nature and therefor have wide display applications. Liquid 

crystal d1splays (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 1n electro-optic devices 

today are the nemat1c liquid crystals (NLCs). The response 

time of NLCs， which 1s dependent on the dielectric anisotropy 

(6ε)， is in the millisecond range. The slow response time 

decreases the potential ut11izat10n of NLCs in vldeo TV and 

opt1cal computers. Such a problem was answered with the 

discovery of fer・roelectric effects in chiral smectic C liquid 

crystals by R.B.Meyer 2
• 

The ferroelectric effect exhibits a direct coupling betwecn 

the electric field E and the spontaneous polarization P in the 

form of P.E. This gi ves r ise to very high swi tching speeds 

near the microsecond order. N.A. Clarck and S.T. Lagerwal13 

further improved the use of ferroelectric liquid crystals 

(FLCs) in electro-optical devices through the surface 

stabilized ferroelectr ic liquid crystal (SSFLC) whj ch has a 

high response speed and show mcrnory effect. 

Today， a new elcctro-optlc phcllorncnon， thc cJcctrocJ iJlic 

(EC) effect4-9 has been found. The EC effect gives switching 

ーよ



time be10w the microsecond range， approachlng thc solld 

device capabi1itylO. 

61.2 E1ectroc1inic Effectぺ-9

The e1ectroc1inic effect appears in the smectic A phase， in 

the vicini ty of the phase transi tion temperature range from 

smectic A (SmA) to chira1 smectic C (SmC*) phase. Considered 

as a pretransition effect， it is a weaker director ti1t 

induced by an externa1 e1ectric fie1d. 

The smectic A phase exhibits a 1ayered structure with the 

LC director perpendicu1ar to i t. However， for the smectic C 

phase， the director is orientated at an ang1e e with respect 

to the norma1 to the 1ayer. 

The mo1ecu1es are free to rotate about thcir long axls in 

SmA phase. So the smectic A phase is uniaxia1 with the long 

molecu1ar axis or thc llorrnal Lo tllC smccLlc J aycr・s， allcJ a 

twofo1d axis perpendicu1ar to the mo1ecUl1es. 1̂1 of thc pJancs 

containing the mo1ecu1ar 10ng axis and the twofold axls are 

rnirror p1anes. If an e1ectric fie1d E is app1ied para1le1 to 

the smectic 1ayers， the free rotation is biased due to the 

tendency of the traverse component of the perrnanent mo1ecular 

dipo1e P to orient paral1e1 to the field. A1l of thc syrnrnetry 

e1emants are destroyed， only one twofo1d axis along the 

electric fie1d and one mirror planc containing e1cctric ficld 

E and molecu1ar 10ng axis n( Pn plane) are maintal ned. '1、he

rnirror p1ane corresponds to a [ree energy minimum， so no 

ti1ting of LC director appears in a non chira1 system. 

IIowever， for the smectic ^ phase conslsted o[ optlca1 

actlve mo1ecules (chlra1 molcculcs)， the chlrallty of Lhe 

phase destroys a11 mlrror symrnetr lcs， thc Pn p1ane does not 

つ山



maintaln <1S a minimum for frC8 cnergy， Lllercfor， thc 

111 01 e c u 1 e s t 11 t a w a y f r 0 rn P n . F 0 r S lfI a j_ 1 f 1 c L d ， t h c L' 0 t u L 1 0 Jl 

bias and the induced polarization are llnear to thc ficlcJ 

strength; 

strength. 

of the 

the induced tilt angle ls proportional to thc flcld 

The electr1c field induced tilt1ng of LC d1recLor 

chiral smectic A phase is referred to as the 

electroclinic effect (EC) effect. 

The rotation of LC molecules around their long axis show an 

relaxatlon frequency of tcns MIIZ 1n thc SmA phasc， so thc EC 

effect shows response time even below microsecond. 1'l1is h1gh 

speed， together wi th the linear i ty， low power consumpu tion， 

flexlble size and high capabl1ity for storage informatlon make 

EC to be the most promlslng E-O effect ln the area of optlcal 

processlng and optical computlng. 

gl.3 The research of electrocllnlc effect 

The EC effect was predlcated by R.s.阿eyer4， theoretlcally， 

Garoff and Meyer5 confirmed the predication experimentally by 

using the dectloxybenzylidene-p'-amino -2-methlybutyleinamate 

(DOBA阿BC). They used the sample structure where the smecti c 

layers were parallel to the substrate. The electrlc field was 

applied in the traverse dlrection and the til t of the LC 

director was determined by the measurements of induced 

birefringence. This system is not practical due to the 

limitatlons in the applied field and the d1ff1culty 1rl 

producing a monodomain smectic A phase. G. Anderson6 et.al.， 

improved the Garoff geometry and developed the ECE to a 

applicable level. Instead of a planer alignment， they usccl 

one in which the smectic layer perpcnd1cUllar to the substraLc. 

Such geometry produced a unlforrn d1rector al1gnment， henc8 el 

q
u
 



strong e1ectric fie1d and a srnectic ^ monodomain cou1d be 
easi1y rea1ized. An optica1 modu1a tlon of 6% or a 5-degree 

variation range of ti1t ang1e was obtained. Moreover the 

Anderson group pi1ed up severa1 pleces 0-[ c1ectrocllnlc cclls 

for 1arger optica1 variations. Experirnenta1 work lS 

comp1emented by the research on the synthesis of materia1s 

where Y.Ouchi11， et. a1. reported a giant ECE in the smectic A 

phase. 

The theoretica1 basis for the existence of the ECE and its 

re1ation to other materia1 properties rernain unknown. The on1y 

interpretion of the e1ectro1cinc effect in given by the 

modified Landau-de Gennes theoryll- 15.  Sin Doo Lee and 

Pate1 8
•

9 discussed the non1inear behavior of ECE in the 

vicinity of the transition. The existence of the ECE in other 

phases as we11 as magnetism-induced effects16 have a1so been 

reported. 

From die1ectric point of vlew， the c1ectroc1lnic effect 

corresponds to the soft mode in SmA 17.18  or SmCホ which

contains chira1 dopants， with respect to the Go1dstone mode. 

In the SmA phase， on1y the soft mode exists， however， in the 

SmC* phase， besides the soft rnode， another rnuch stronger 

response， resu1 ted from Go1dstone mode exists. In smectic C 

phase， the two dielectric response were distinguished frorn the 

temperature and frequency depelldence of the dlelcctric 

constants 19
-

22
• IIowever， it is difflculty to separate the two 

modes as 110 sufficient resul ts have been obtained before the 

uti1ization of bias e1ectric fle1d para11e1 to the smectic 

1ayer， to suppress thc Goldstonc rnodc. 

Ul.4 The content of this thesis 

-4-



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一optical effects will be 

discussed. The phenomenal theory 0.[ ferroelectric LC and thc 

ferroelectric effect， which are closely related to the EC 

effect will be the topic of chapter 3. Chapter 4 is a 

theoretical study of the electroclinlc effect， confirrnlng lts 

exitence in the smectic A phase and the possiblllty of 

observing it even in the ferroelectric phase. Some 

experimental results in support of the above discusslon wlll 

be shown. Chapter 5 and 6 will give a thorough discussion of 

the experiments done and the major conclusions drawll. TI1C 

confirmation of a temperature dependence of thc form (T-Tc)一J

and a di vergent behavior of the dielec tr ic constant in the 

v j c j_ n 1 t y 0 f t h c p h a s c t r a n s 1 t i 0 n w 11 1 b c d i s c u s s c c] . S 0 rn (~ 

dynamic feature of the EC effect， i.e.， divergcnt c]ecrease 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 tirne， the dependence of phase transl tlon 

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 is consisted of 

polynomial of the tilting angle， a linear term， corresponding 

F
h
u
 



to the polar interactlon， and a square term， correspondlng to 

the non-polar lnteractlon between surface and LC layer. 

Chapter 7 gives the conclusions. 



Cha.pter  II ELECTRO  opr-r工CALEFFECr_[.s 

工N L 工QU工:0 CRYS"T"'AL 

~ 2.1 Liquid crystal phase 

Liquid crystal is a typc of state， slmllar Lo tlle soJ ld， 

liquid and gaseous states， observed in organic compounds and 

other materails with rod-like and disc-shaped molccules 

(Fig.2.1). The discovery of liquid crystals dates back to 1888 

when Reiniter observed optical anisotroples 1n rnoLten 

cholesteryl benzoate under the polarlzlng microscope to a Llquid 

Crystalline rnesophase. ] t was callcd lj qulcJ crystul bccausc of 

properties j_ntermed Latc bcLwccn thc solj_d crys La L l. i IlC aJ)cJ thc 

ordinary isotrop1c llquld crystal phases. 

Based on symmetry cOllslclcrat1ons， therc arc two typcs of 

liquid crystals: the nematic phase (Fig.2.2a) wi th an 

anisotropic structure due to the orlentatlon 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 Sm̂  (Smectic 

A)， 5mB，... .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鋳) 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 liquid crystal molecules is described 

-7-
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in terms of the director n. Many physical propert1es may be 

described in terms of n. The dielectric anisotropy， sε=ε - ε 

is the difference between the permittivity， parallel and 

perpendicular to n. The birefringence， sn=n -n， is likew1se 

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， i ts 

distortion takes place over macroscopic distances and may be 

observed optically. 

~2.2 The mean molecule-field theory for liquid crysta 

The anisotropy of liquid crystals arises because of the 

tendency of the rod-like molecules in the fluid to align their 

long axis parallel to the director. At flnite temperatures， the 

thermal motion of the molecules prevents perfect al1gnmenl wlth 

n; the orientations of the molecules are in fact distrlbuted in 

angle. 

For nematic phase， because the cylindrical symmetry， only one 

1 
order parameter， by tradition -(3<cos28>-1)， 1s uscd to 

2 
describe the structure. Clearly， for the completely ordered 

nematic phase equal to 1， and for the disorderd isotropic 

phase， S equal to O. 1'he stabjl1ty of thc ncmatic ]jquid cryslal 

resul ts from interactions betwcen the consistent molccules. In 

spir1t of the mean field approximation， the effective single-

molecule potential functlon v is used to mimic these 

intermolecular interaction. Lt _lS clear lhat the potcntJal 

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

Qυ 



form of (2.2) ls used. 

ド(cos8) -vP2(cosθ)・S (2.1) 

where P2() represents the second-order Legendre polynomlnal. 工n

the mean field dlscussion， the lnteractions between indi vidual 

molecules are represented by a potential of average force 

19norlng the fact that the individual behaviors and interactions 

of molecules may be widely dlstributed about the average. 

The rules of classical statistical mechanics give the 

orlentational distribution function p(cosθ) in terms of the 

potential function v as 

ρ(cos8) Z-lexp{日V(cosθ) } (2.2) 

Z lトxp{sV(cos8)}…θ)
(2.3) 

where Z is the single-molecular partition function and s=l/KT. 

The order parameter is just the average valuc o[ the sccond 

Legendre function for given rnolecule， therefor 

s = J~P2(COSe)p(COSe)d(COSe) 
substuting (2.3) lnto (2.5)， it gLves 
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s= 

j;四 (cos8)exp{svP2(cos8).S}p(cos8)d(cos8) 

I~eXP{øVP2(COSe).S}d(COSe) 
(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 cquation (2.5). ^ non zcro S 
appears below a finite temperature Tc， th1s 1s co1ncident w1th 

the experimental results. 

o n t h e 0 t h e r h a n d ， f 0 r s rn e c t i c p h a s e， t h j_ s p Il a s e 0 r d 1 n a r j 1 y 

appears below the nematic temperature range， 1s characterlzccJ by 

a periodic density function p(Z)， for mass centcrs 01' JTIo1ecuJcs， 

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

()) 

ρ(z)=po +2Po2: ρnCOs(nqz) 
n=l (2.6) 

z is the layer norrnal direction， q=2fI/d. ln srnect Lc phase， the 

interaction between two arbitrary planes， situated at z and z'， 

is assurned to be 

r
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similar to the discussion for nematic phase， a self-conslstent 

equation for P can obtained as 

with 

1 1"2I1 
P =一一 I cos(nφ)exp{-sMt(φ) } dφ 
z J 0 

α〉

阿t(φ)= L: UnPnCOs(nq兄)
n=1 

(5.10) 

(5.11) 

(5.12) 

The computer calculation of equation (2. $) shows tha t bclow 

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

g2.3 The continuum theory for llquld crystal 

Liquid crystals are elastic-like rnaterials wId_ch can respond 

to distortions due to surfacc containts and cxtcrnal fic I cJs. 

Such distortions result in alignment deformatlons. The 

deformation is best described using t11e contlnuum tlleory f lrst 

postulated by Osee-Zocher and put in rnor completc form by Frank. 

This theory describes the dlstorted state in terms of a vector 

field n of variable orientation. The fundarnental equation of the 

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

simplest forrn is given by 



f= - K11(マ.n) 2 
1 1 1 

+ - K22(n.マxn)2 + - K33(nXマxn)2 
2 2 2 

(2.13) 

where K11'  K 22  and K33  are the sp1ay， twlst and bcnd elastlc 

constants. In the chira1 phase where a he1ica1 structurc exlsts， 

the second term is modified to the form 

1 

-K33(nx¥7xn+pO)2 

2 (2.14) 

It is possib1e to ana1yze alJ lTlacroscopic orientations under the 

cond_Ltlon that Lhe d1sLorL1on cncrgy lJlusL havc 11 m1niIrluIIl jハしile

stable state. 

For smectic 1iquid crystals， the deformat1on o[ the layers 

must be considered. 1n gellcral， tw1sL dcforITIat1011 1s not 

possib1e; but for chiral smectlc C if small var1ations of layer 

thickness are neg1eted， a spontaneous bend and twist deformat1on 

may be introduced and equation 2.1 takes the form 

1 1 1 
f= - K 11(マ.n)2 + - K 22(n.マxn+p )2 + - K 33(nxマxn+p )2. (2.15) 
2 2 2 

~2.4 The e1ectro-optica1 (E-O) effect in liquid crystal 

Optical variations induced by an external electric field is 

known as the electro-optical effect. Liquid crystals exhibi t 

different types of e1ectro-optica1 effect. 

In nematic LCs， three types of e1ectro-optical effects have 

-14-
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been observed. The first 1s ion-current-induccd pcrturbatJon of 

the director n which produces a strong scttering of light. For 

LC systems with negative d1electr1c an1sotropy， tllC perturbatlon 

1s due to the orientation of the director n perpcndJcuLar to the 

field and the motionof the 10ns along the dLrection 01' the 

applied field. The second type is an electr J c ficld induced 

reorientation of thc d1rcctor n obscrvcd througll bi rc('r1ngcncc 

effects. This is the most popular E-Q effect uscd 1n LC display. 

Athird electro-opt1cal effect 1n nernatics Ls the wave guide 

reduced rotation of polarization. If sufficient twist defors the 

nernatic layer and the Mauguin condition for polarization 1s 

satisfied. the nematlc layer bahaves as 11' Lhc polarlzatlon 

rotation is due to the twist of the director. 

In smectic liquid crystals no remarkable E-Q effect has been 

observed has been observed in pure SmA or SmC. However， for 

the smectic phase consisted of optically acti ve 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市，

Ps will resul t 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 upwards or 

downwards depending on the field direction. Th1s type of E-Q 

effect has also been observed in other chiral smectic phases.ln 

the chiral smectic ^ phase， a un.ique electro-opt.ical crrcet 
known as the electroclinic effect has been found and th1s 

is the topic of this research. 
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The topics of theis thcsls is electrocJ injc cffecL in 

smectic liquid crystals. In particular， wc consider the 

electroclinic (EC) effect as a fluctuation of the ferroelectric 

behavior. Anomalous variations of ferroelectric properties， in 

the SmCホ phase， leading to vcry large EC ef[cct for speclal 

materials will also be discusscd. 

~3.1 General Discussion of Ferroelectricicty il1 LCs 

R.B Mayer2 pointed out that it is possible to observe 

ferroelectricity in a chiral smectic phase. Fig.6 shows a 

structure of smectic C and i ts high-tempera ture 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 chlral rnolecule， no rnirror plancs or 

center of inversion exist. The molecular and envlronmental 

symmetry leaves the structure with only a two-fold axls. 

Therefore， i t is necessary to have a spontaneous polariza t lon 

parallel to the two-fold axls. On the other haIld， ln the lllgh-

temperature smectic A phase， the rnolecules rotatie freely about 

their long axes， which are perpendicular to the smectic layer. 

If each layer corresponds to the group Doo， spontancous 

polarization is not possible. 

At temperature near the transition point， the behavlor of the 
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material may be 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 ~l=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骨 is a second order 

transition. The order parameter takes small values near the 

transition point. The free energy f(p ， T ， El ， ~2 ， Px ， Py) may be 

expanded in powers of 

1 1 

f A骨( E12+と22 )+ -B骨(E21+E22)2 + fo ( 3 . 1 ) 

2 4 

where fo represents the free energy of pure smectlc A phase， 

A=a(T-Tc)， a>O， B>O. 

In a chiral smectic phase， the helical structure is descrlbed 

by the Lifshifz term 

dと2 dE工
と1一-E2一一
dz dz 

dPy dPx 

Px一一一 Py 
dZ dZ 

(3.2) 

(3.2) 

The symmetry of the high temperature SmA phase， allows two 

coupling terms between the molecular 七ilt and dipole orderlng， 

1.e. 
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1 "Piezoelectriclike" coupling35 37 

PX~2 - PY~l (3.4) 

2 "Flexoelectric" term 

d~l d~2 
Px一一+ Py一一一 (3.5) 
dz dz 

Therefore the total free energy of the smectlc phase in the 

neighborhood of the transition point is given by 

1 d~2 dとl
f = -A*( と 12+~22)+μ( ~ 1ーーらー)
2 dz dz 
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1 dと1 d~2 
+ _ X-1(Px2 + py2) _μ( Pxー+Py一一)+ C(PX~2 ーんと 1 ) 
2 dz dz 

( 3 . 6 ) 

1n the coordina te system shown in Fig. 6 t thc compoJlents of 

director n と工， ~2 and the traverse components of the 

spontaneous pOlarlzatlon PXt Py can be described by 

sin8・cos(qz) と2 sinθ・sin(qz)

Px -Po・sin(qz) Py Po・cos(qz)

(3.7) 

つ山つ山



In the smectic A phase， the magni tude of the fluctua tionθ 

is determined by the temperature， for small ampli Ludes ofθ， 

sinθmay be approximated by θ. If we substitute (3.7) Lnto (3.6) 

and take the average over the hellx， we can write (3.8) as 
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In the smectic C phase， 8 shows spontaneous tllting， hence 

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

f 
1 ~ 1 d~2 
-A餐(と 12+~22)+ -B*( と 2 1 +~22)2 + A 餐 (~1-
2 4 dz 
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dz dz 
(3.8) 

similar averaging over one helical period gives 
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1 1 
--・A02十一一130"+ Aqω2 
2 4 

+;山202 + 一一・p? -(μq +C)θp 
2X 
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1 
A、θ2 + -Bθ4 

4 

1 
+-・p2
2X 

CθP 

(3.10) 

If an electric field is applied， the coupling energy of the 

polarization and the field， E.P， must be integratedinto the 

total energy， so the Eq. (3.10) yields 

1 11  
Fg C e = -A、02+ -Bθ4 +ーー・P2 -- CθP -E.P 

2 4 2X 
(3.11) 

where A‘= a梼 (T-To'). 

93.2 A General Discussion of Ferroelectrici ty in SmC* phase 

for a material showing ECE 

In the last section we have given the descriptions for the free 

energy of a ch1ral smect1c 11quld crystal. In th1s sect10n， the 

possibility of ferroelectricity in two smectic phases， the SmC養

and SmA phase， will be discussed. 

The free energy of the ch1ral smectic C phase 111 the 

ne1ghborhood of the transition point 1s given by 

1 11  
Fg C e = - A‘02 + -1304 +一一 .p2 -- CθP 

2 4 2X 
(3.12) 

The values of the variablcsθand 1::> can bc dctcrrnjnccl by 

lmpos1ng the conditioIl tlJat Lhc frcc cncrgy しakcs a minjmuHl， 
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i.c. sctLlng thc rirst dCl"lvaLivcs e q lJ a ~1 Lo zcro 

8Fg C 

A‘e + Be3 -C'P = 0 (3.13a) 
8θ 

8Fg C 
x-l..p -c・θ = 0 (3.13b) 

8P 

From (3.13b)， P is described in terms ofθas 

P x'C・θ. (3.14) 

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

(A、 - X C2)・θ+ B・θ3 。 (3.15) 

There are two solutions to equation (3.15). One is e =O.The other 

is a temperature-dependent one which can be written as 

@。
(3.J6) 

For simplicity， we write A‘ -XC2 as A¥= a(T-Tc)， Tc=TO・+ xC2ja. 

The incremental part of the transi tion point is due to the 

coupling of the polarization and the tilt of thc chiral 

molecules. 

The acceptable solution 1s the Eq. (3.16)， becausc satlsfics the 

rninimurn free energy condLtion. 

Subst1tuting (3.16) 1nto (3.14)， yields a non-只ero valuc of 

the polarizat1on at a tcmpcrature below thc trans l tj on po lnt 

which is given by 

r
d
 
つμ



Ps x ・ t ・θ。 (3.17) 

Ps 1S the spontaneous polar1zatlon， whlcll dcpends on 

temperature(T -TC)-1/2. 

From above d1scuss1on， 1t has been shown that chiral molecules 

produce a" linear coupling of polarization and molecular til t. 

The chiral smect1c C phase shows a ferroelectrlcLty. 

We now cons1dcr the s1 tua t:Lon of srncctlc ^ pllasc. Frorn above 
sect10n the free energy for smcctls ^ pllasc has bccn cJescr i bed 
as， 

1 1 
Fg C e A‘θ2 +一一・p2 -Cθp 

2 2X (3.18) 

The simultaneous state equations are written 

3Fg C 

Aθ -C.p 
38 

。 (3.19a) 

3Fg C 

x-1.p -C・8= 0 
3P 

(3.19b) 

One solution of these equations isθ=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 is impossible to be a 

fer・roelectricphase. 
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93.3 The Experimental Results of Ferroelectric Liquld Crystals 

The experimental resul ts on the fE~rroelectr ic behavior ill the 

chiral smectic C pllasewlll be lntroduced .in t}l.iS scctiOll. ^ 

comparison of two materials which exhibt and do not show the 

electroclinic effect will also be discussed. 

① Layer structure of the smccLlc C phasc 

Smectic liquid crystals are characterlzcd by Jayer strucLures. 

The thickness is temperature-dependent. Such dependence is very 

important for the smectic phase， slnce it explajns the formation 

of the chevron layer strucLurc in the SmCホ phasc. Fig.7 

illustrates the X-ray diffractlon result of 764E. The fact that 

only first order diffraction appE~ars means that the layer 

smectic phase is only a densi ty dlstribution. IIence， 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 wi th a homogeneous alignment. In the 

SmA phase， the layer 1s perpendicular to the substrate. f̂ter 

the transi tion， the th1ckness decreases. In order to maintain 

constant vOlume， the layer become til ted wi th respect to the 

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

diffractometer is fixed， when the sample is turned. Fig. 1 0，11 

ヴ
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show the results. An ordinary FLC material shows a chevron 

structure38 while 764E， which shows a strong EC effect ，shows 

a nearly perpendicular structure even in the smectic C phase. 

① .Tilt Angle. 

As mentioned in chapter II， for thin samples in smectic C 

phase， the chirality-induced helical structure would unwind and a 

hornogeneous alignrnent of the director field will be formed in 

the sample. If an electric field is applied， the alignment would 

swi tch to another stable homogeneous state. These two states 

show a distinct directions when the sample ls placed betwecn 

crossed polarizers. sy mcasur ing~ the ang_Le of thesc two 

dlstinct directions， the t1lt angle o[ the matcr1al can be 

measured. 

Fig.13 shows the result of a typical ferroelectric Jiquid 

crystal ZLI-3654 (Chisso Chem. )1 39
• In the tcrnperature 

dependence of tilt angle， a relation of 

confirmed. 

T -Tc)工/2 was 

②.  The Spontaneous Polarization 

There are many methods40 <'1 3 to determin the spontancous 

polarization. One is by measur1ng the reverse current of 

polarization. When an ac f1cJ d ls appl1ed the current through 

the sandwich cell consisLs of the rcvcrse currenL of 

polarization the dielectric current and the ion current， 

These can be written as 

Ito = Ire + Idie + Iion 

(3.20) 

q
u
 

n
d
 



ShevrOfl 

8ooJ<sflelf 

Fi g.12.The dir e c tor or1en tat Ion and 1aye r con forma t i on i n 
the SSFLC samples. 
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Ire 
dPsZ 

S.-一一一
dt (3.21) 

dV 
Id1e=S・ε一一一一

dt 
(3.22) 

Iion= 
V

一R
(:3.~:n 

Tlle response spccd 0[' lion js lIluclJ IllOrC slow Lll札口 LtJc oLhcr two 

terms in Eq. (3.20). At the proper frequency， Lhe totalcurrent 

Ito may be approxirnated by Idie and llon. OrclJnarl1y， a sqリare

or triangular wave voltagc was used ln the rneasurernent， so Idie 

rernainedconstant in the reverse process of Ps. A current pick 

resul ting frorn Ps， then appears in the region where the field 

change its sign frorn positive to negative. 

d(Ps骨cos8)
Ire=S骨

dt 

dθ 
-S発PS 骨sinθ・一一一一

dtso 

Hence 
(3.24) 

+しd
 
e
 
r
 

T
i
 

F
I
l
l
a
-
-
J
 

8
 

P
A
 

自
vd
 

、E
-
Y

向
Un
 

z
i
 
s
 

π
(
O
 

P
』

t
i
t
i
'
t
s
l
u

十
しd
 

e
 
r
 

T
i
 

pilli--υ 

1

i

η

ム

(3.25) 

Fig.13 indicates the Ps for ZLI-3654 obtained by the triangular 

wave method. A (T-Tc)1/2 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 electroclini.c effect in the srnectic A 

phase as a func tion of ternpera ture . J)ev 1a t lon s ， bctweefl Lh e 

「、υqu
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experimenta1 resu1ts and the re1ation (Tc-1') 1/2， especia11y in 

the vicinity be10w transition point is attributed to the 

electroc1inic effect in the smectic C Phase. 1'h1s w111 be 

discussed in the next chapter. 

④.  The he1ica1 pitch 

In the suggested model， he1ical pitch is constant. However many 

groups report an anoma1ous temperature-dependence of the pitch 

for many types of FLC materia1s44 46. 

There are many methods used to measure the he1ica1 pitch. One 

method is measuring the selecti ve ref1ection of whi te 1ight 

perpendicu1ar to the 1ayer of a homeotropic a1igned ce1l <1 8 . 

Measurement of the internal of stripes caused the he1ica1 

structure in a homogeneous ce11 1s a1so a1ternat1ve procedure. 

In this research， the 1aser d1ffraction method was used. The 

per10d variation 111 the ulrccLlon 01' the dlrccLor procJuccs a<1U 

50 periodic dlstr lbution of the rcfractl ve j ncJcx， rcsu I t LJlg j n 

the diffraction of a layer beam. F1g.16b shows the rcsult. with 

an almost (Tc-T)1/2 re1ation. 

93.4 Conc1usion 

In this chapter we discuss general ferroe1ectrlcity in 1iquid 

crystals， wi th cmphasis on elcctroe1inlc cffcct. 八n E:C eff'ect 

material cxhiblts a spcclal IJchavlor ln lts fcrroclcctrlc LC 

phase. The next chapter wi1l deal rnore extensl vely wi th the 

e1ectroclinic effect. 
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Cha..P t e:r rv ELEC'TROCL工N 工C ]~ ~F' l~ J~ C'T--' 

From this chapter， the center topic of this thesis， i.e.， the 

electroclinic (EC) effect will be di scussed. 1n chl ral smc;c tic 

phase， because of the existance of the coup1ing of po1arization 

and ti1 t ang1e， the e1ec tr 1c fie1d which ls paral1c 1 to the 

smectic layers 1nduces tJlting of LC dircctor. Th Ls pllcnornc;non 

is the e1ectroclinlc effect. 1n this chapter， the posslbilit1es 

of EC effect in the ch1ral smcct1c C phasc alld srnccL1c 八 phasc

will be discussed in tcrms of d1scussing tlle free energy， 

slmilarily to the 1ast chapter. A1so the theoretica1 

ca1cu1ations wi11 be cornpared with the experiIllcnta1 results. 

64.1 The e1ectroclinic effect ln smectic A phasc 

① .The argument on the syrnmetry of the smectic ^ 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 long molecular axis， and a twofold axis 

perpendicular to the molecules. 1¥11 of the planes containing 

the molecular long axis and the twofold axis are mirror planes. 

1f 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 d1pole 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 electr1c f1eld E and molccular .Long 

axis :rt(P:rt plane) are mainta1ned. The m1rror plane corresponds 

to a free energy mlnimum， so 110 tl1tlng 01' LC dlrcctor appcars 
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in a non chiral system. IIowever， for thc smectJc A phase 

consisted of optical acti ve Illolecules (chiral rnolecuJ es)， the 

ch1rali ty of the phase destroys all mirror symrnetr ies， the Pn 

plane don' t rnainta1n as a min i_rnum for free cncrgy， therefor， 

the molecules t1lt away frolIl ]~rl. For smal_L fjclu， tlJc rotaLion 

bias and the induced polar1zation arc linear to Lhe [jcld 

strength; the induced tilt angle 1s proportjonal to the fJcld 

strength. The electric field induced tilting of LC director of 

the ch1ral smectic A phase ls referred to as the electrocljnic 

effect (EC effect). 

②.  The phenomenal theory of EC ef[ect 

The discussions in the last chapter has shown that the 

ferroelectrici ty in LC mater 1als is resul ted from the linear 

coupling of the polarization and the director tilting. The 

electroctin1c effect is also caused by the coupling of these two 

factors. To cons1der the EC effect， 1t 1s necessary to deal with 

the state var1ables， i.e.， the tilt angle and the polar1zation 

underelectr1c f1eld. 

The free energy descriptions for the smect1c C and smectic A 

phase， where no external electr1c f1eld 1s app11ed， have been 

obta1ned 1n the last chapter. The total energy where electr ic 

field exists cons1sts of the summ1 tion of the free energy and 

the electric energy. T'wo kinds of electrlc energy must be 

considered in the LC materials. One is a coupling between 

polarization and the field P . E . The other is results fronl the 

dielectric an1sotropy of LC materials， which can be written as 

1/2t1εE
2
sin2θsin2φ . This term is very small contrast to P . E ， 

it wlll be ignored 1n later d1scussion. 

The situation of the smectic A phase conta1ning chlral 
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molecules where the EC effect is 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 

1 
F
g
A
E = A‘8

2 +一一・p2 _ p・E -CθP 
2X (4.1) 

The variables P and θcan be calculate from the similtaneous 

eq. (4.2) 

8Fg AE 
Aθ -C.p 。 (4.2a) 

8θ 

8Fg ^E  
x-1.p - E -C・θ 。 (4.2b) 

8P 

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

P x. (C・8 + E) (4.3) 

substitutiing (4.3) into (4.2a) gives 

(A‘ - xC2)・θ XC.E (4.4) 

The solution of (4.4) is 

xC 
θ= ・E
A‘ - xC 2 (4 . 5 ) 

like what has been done in the last chapter， a new form (4.6) 

for 8 can be obtained by writting A‘ -XC2 as a(T-Tc)， 
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xC 

θ .E 
a( T -Tc) (4.6) 

It is clear that the tilt angle of LC director 1s proportional 

to the field strength in srncctlc A phase. T11is shows thc EC 

effect of smectic A phase. For convenlce， a llew pararneter K， 

the electroclinic coefficient will be introducc to dcscrib the 

EC c (' f c c L .1 a L c r" " 

xC 
KA 
a( T -Tc) (4.7) 

ŝ can be understood， the e.1ectrocllnlc coefficlent shows 

di vergent increase when the sample approachcs the transi tion 

point. 

~4.2 The Electroclinic effect in the SmC市 phase

The usual EC effect which appears in smectic A phase has been 

reviewed in the last section. In 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 frorn the SrnA to SmC* is the 

first type， the rotation of the LC molecules in smectlc C phase 

1s hard to be changed， no furthcr tl.ltlng 01' Lhc C]Jrcctor can bc 

induced by the external field. IIowever， lf the transl tlon 1s 
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the second type， the an1sotropy of the molecular rota tions in 

smect1c C phase 1s very small， and 1s easy to be changed by the 

electric field perpendicular to the molecular long axis. The 

further bias1ng of the molecular rotat10ns would 1nduce further 

til ting of the LC director. For approximation， the til ting is 

proportional to the biasing， i.e.， the polarizatlon or the filed 

strength， hence the til t angle would be propor tional to f j eld 

strength. 

On the other hand， the EC e[fect jn SIIlC* rnay also be 

di scussed us ing the total f rec ener gy of LC rna tc r i a L s . 

According to the last chap ter， the free cncrgy of t.he ch i ral 

smect1c C phase 1s 

1 11  
FgCE = -A‘02 + -Bθ 'l +一一・p2 -E.P -CθP 

2 4 2X 

(4.8) 

The state equation 1s 

8Fg C 

A 0 + B・θ3 -C.p 。 (4.9a) 
80 

8Fg C 

x-1.p -E - C・8= 0 (4.~)b) 
8P 

Rem1nding the solut10nθo for eq.(4.9) where E =0 in the last 

chapter， tak1ng account of the fact that the electric field 

gives only small fluctuation of the tilt angle， θ=θo +8θwlll 

be presumed as a new form for θ， where 8θis a incremental part 

because of the ex1stance of the electr1c field. Then the 

equat10n changes to 

A (80 +8θ) + B・(θ。+8θ)3-c・p 。 (4.10a) 
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x-1.p -E - C・(θ。+0θ)= 0 (4.10b) 

Eq. (4.10b) gives 

p = x { E + C. (θ。+0θ)} 

(4.1J) 

^ new equation aboutθo and 0θCeln be obtalncd by suustl tutj ng 
(4.11) into (4.10a) as 

A (θ。+0θ) + B・(00 +0θ)3 -C'X { E + C・(θo +0ω)} = () 

(4.12) 

In this equation， the higher order of 0θcan be omltted because 

sθ1s small for a real field. Then (4.12) changes to 

{A、θo + B00
3 
-xC2θo} + {A‘8θ+3Bθ'008 -XC20θ -XCE} = 0 

(4.13) 

It has been clear that 

Aθo + B80
3 -xC2θ。=0 (4.14) 

1n the last chapter. Eq. (4.13) changes to (4.15) by subst1tut1ng 

(4.14) into (4.13). 
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A‘88 +3Bθ0
28θ -XC28θ -XCE =0 (4.15) 

The solution is 

8θ 
q
L
 
P
U
 

V
A
 

q
4
 0
 

向
u

p
u

一R
U

X

一
3+
 
A
 

(4.16) 

.E 

Consideringθ02 一(1¥‘ -XC2)/I3， (4.16) can be wrltten as 

3θ 
xC 

-2(/¥‘ -XC2) (4.17) 

.E 
xC 

2a('j'-Tc) 

Clearly this i8 the electroclinic effect in chiral smectlc C 

phase. Similarly， the electroclinic coefficient for the SmC* 

phase can be defined. 

K E-
C 喧ー

xC 

2a(T-Tc) (4.18) 

g4.3 The Electroclinic Effect 
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The possibi11ty of the electroc11n_lc effect botll in SITlcctic 八

and C phase has been shown. 1'11c electroclinic cocff1cicnt show 

divergence at the transition point from the SmA to SmCホ phase.

However， the absolute value of EC coefficients for SmA and SmCホ

are different by a factor 2. 

The theoretical resul ts will be confj_rmed cxpcrirncntall y Jn 

the following. 

① The structure of the smectic A phase 

1'he monodomain structure for SmA phase is very important for 

the optical measurement of til t angle 1n EC c[fect. IIowever， 

stripe defects are induced in the SmA sample wherc Lhe sur face 

aligning of LC d1rector 1s rca11scd by rubb i llg t}Jc sulJsLraLc 

surface， because that the srnectic layer always keeps its 

thickness constant. The rubbing treatment produce one direction 

alignment of LC director at surface only in average， actually， 

the investigations wi th using SEM o:r ST阿 have shown tha t the 

rubbing porcess produces grooves on the surface51 52 with 

interval of near 4μm. 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 wi th the decreasJng 

of the sample Lhlckncss J11 rcvcrsc propor LJOll rc I a L I ()f1 a日 IfI

Fig.18. The rec1procal of the interva.l 1s shown in Fig.18. 1'111s 

relation ca.n be interpreted by using the elast1c theory o[ the 
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匡三==三三三二

Fig.17. The polarizing microscope pictures of the smectic 
A s t ructur e o f764E.(a)，(b)and (c)show the 
results for the samples of 1.8μrn， 8μrn and 20μm， 
respectively. 
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smectic A phase. 

The e1ectric field induced t11t 18 measured by measuring the 

transm1ss10n of the samp1e between crossed po1arizers. The 

transmission of a uniform1y homogeneous 11quid crysta1 1ayer can 

be wr1tten as 

1 π・ddn
I 一.10・sin2θ・sin2{ } A'sin2θ 
2 入

(4.19) 

Where 10 repersents the 1ntens1ty of the incident 1ight， θis 

the ang1e between the director and the po1ar1zer， dn 1s the 

an1 sotropy of the refract1 ve 1ndex 1n the rou tc of thc 11 gh t . 

For EC effect the on1y var1ab1e in (4.19) 1sθ， dev1a t1 vc of 

transm1ss10n6 about t1me 1s 

d1 

dt 

dθdE  
A's1n4θ0・一一・

dE dt (4.20) 

When a AC f1e1d 1s appl1ed to the samp1e， the transm1ss1on 

changes w1th the same freqency. However， 1 fθ。 n'π/4， 

translm1ssion 1 takes the maximurn， but d1/clt Lake 1ts rn1nifJIurn， 

zero. The t11t ang1e lS deterrn1ned as the ang1e beLween two 

direct10ns where the ac components of transrniss10n are zcro， 

when an DC fie1d w1th a smal1 八C undu1at1on 1s applied over the 

sample. F1g.19 shows an cxamplc 0(' thc clcctrocl1n1c cffecL 1n 

smectic ^ phase. 八 lcar rclaLJon bctwecnθand E is conflrmcu. 
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The slopes of lines decrease w1th the increas1ng of the sample 

temperature. 

Fig.20 shows the layout of the measurlng system for the EC 

effect in the smectic C phase. In thls system， the layer normal 

is parallel to polarizer direction. Two of the stable states of 

FLC show the same transmission， the minimum of the transmission 

appears at the direction where the director is parallel to 

polarizer. 

Fig.21 and Fig.22 show the EC effect in chiral smectic C 

phase. Fig.21 is the transimission of the smectic C phase where 

a triangular electric voltage is applied. Different from a usual 

response of FLC sample， the trans1mlss:ion of 7641~ which shows 

EC effect consists of two parts， one is a usual FLC type 

response， i.e.， a abrupt variation where the field changes its 

sign， the other is a linear var1atlon of sarnp.l c transimj ssion 

wi th rcspect to tlIe ficld s treJlgtll. Flg. 22 sllows tllc var 1(1 L i on 

of tilt angle when the triangular voltage ls appJ1cd. Co1ncides 

with the theoretical results， the incremental part of tllt angle 

1s proportional to the field strength. Slmilar to thc case of 

SmA phase， the slopes of the lines of EC effect decrease wl th 

the decreasing of sample temperature far below tl1e transl tion 

point. 

Finally， Fig.23 111ustrates the elcctrocl1n1c coefflcient as 

a fUllctlon of tempcraturc. To cOlllpar.e wJtll f'ormula (4.7) and 

(4.18)， the reclprocal of KCE  and KハE 1s takcn as thc spinc1Je， 

instead of KE itself. Good linearity had been found for K
E 
and 

(T-Tc). For absolute vakues， d1sagreements cxlst between the 

theoret1cal and exper1mcntal rcsuJts for thc rclatLon 0[' K
CE  
ancl 

kハE ・'1'h1s is rcsul ted frorn t11c 1nflucncc of sur facc anchor j ng 

円

i
F
h
u
 



13 ~ 
1 

〆曲、

同

;10 
• 

> 
• 
同
E 

、お。
白
~5 
凶

。
15 

ExperimentaI 1 • • ¥ 

Theoretical 
¥ 

¥ 

¥ 

¥ 

Tc* / 
/ K;l¥sポc↓Sm.A -1 / Eζ1 

/ 
/ 

20 

.¥ ¥ I叫f'I'

25 30 35 
Te:mperature 
(UC) 

/ 
/ 

40 

/ 

/ 

45 

F1g. 2~). The tempcl'aLlIl'C dCPClldclIcc of' thc rcc I {J，'ocaJ of・しiJc
EC coefflcj Cllt 111 Lllc I1clglliJorilood of LllC LrallsJ. LJOll 
po1nt. 

-58-



strength. Actually strong surface anchoring dependence of EC 

effect exists as will be dealed with in the next chapter. 

~ 4.4 Conclusion 

In this chapter， the EC effect has been discussed from theory 

and experiment. For the first time， a general concept has been 

constructed for EC ef fect. It has bcen shown tlJa t Lhc ，，:C c r rcct 

not only exists in smectic ^ phase but also exlsLs ln chj ral 

smectic C phase. 

Qυ Fb
 



Chapter、T PROPERi--'Y OF  

ELEC'TROCL工N 工 C EFFEC'T 

It has been made clear that the EC effect not only exists in 

smectic ^ phase but also in chlral smectlc C phase， Jn the .1ast 

chapter. In this chapter， several basic properties of the EC 

effect， including the dielectrlc property， dynamlc property and 

layer switching 1n EC effect wLll be djscussed. 

g5.1 The Dielectric Property of EC Effect 

The dielectrlc rcspollsCS of FLC rnatcr1als arc rcsultccl ('I'om 

the rotations of LC II101eculcs around the1r lollg anc1 short axis， 

and intermolecular rotation and a1so froII1 the rcorientations of 

short axis and electronic polarlzation. Two large responses are 

from the Goldstone mode rcsponse53 5 " and clectroc-I i.nic 

response. The Goldstone rnode rcsponse 1s thc rotation of LC 

director around the short molecular axis on the cone strucLure. 

The EC effect response is resulted from the variation of the 

cone angle. The dlclectrlc consLant at arbltrary I'rcqucncyωcan 

be written as 

AεG AεE 
ε骨 + + ・・・
l+(jωτG) 2 1+(jωτE)2 (5.1) 

Where dεG and dεE represent the perpendicular components of 

dielectric constant for Goldstone mode and EC effect. TG and TE 

are the relaxation times for Goldstone mode and EC effect. 

The relaxation frequencies of the Goldstone mode and EC effect 

are several 100s and near 1MHz， respectively. The response at 
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100Hz or even 10w frequency 1s resu1 ted frorn a_ll two respOllses 

of Go1dstone mode and EC effect. However， the die1ectric 

response for higher than 1kHz is resu1 ted only EC ef fect. In 

this research the Goldstone rnode and EC effect is basical1y 

distinguished by their frequency dependences. 

In the homogeous FLC sarnple， because the restrict of the 

layer structure， the dielectric responses are only from the 

contributions from the perpendicular components of the 

dielectric constants. 

①.  Theoretical analysis 

In the fo1lowing， in all of the theoretical discussions， the 

dielectric constants will be restr1c:ted to the the1r stat1c 

parts. The response wi thout the variation of til t angle are 

considered as that of Goldstone mode. The dielectric response 

induced by the variation of tilt angle is considered as that of 

EC effect. 

As shown in the last chapter， Lhe polnrJ.zal1ons arc sLatc 

variables ont only in srnectic C but also in srnectlc A phase. The 

discussion will be started from the s:imi taneous equa tj on (5.2) 

about P and θ. For the smectlc C phase， 

3Fg C 

A
‘8 + Bθ3 -C・ド 。 (5.2a) 

8θ 

3Fg C 

χ-l.p - E -C・θ 。 (5.2b) 
3P 

If E=O， a non-zero solut ion Ps exists for eq. (5.2). Thls 
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responses to the clectr lc f leld， induces the Golds tone mode 

response. The solution for eq.(5.2) where EtO is presumed as Ps 

+oP(E)， where Ps represents the spontaneous polarization， 8P 

repersents the incremental part 8P of the polarization because 

of the existance of electric field. This responses at high 

frequency， corresponding to the EC effect. 

For the EC effect， (5.2) changes to 

{χ-lpS -C・θ。} + {χ-18P -E -C・8θ} =0. 

(5.3) 

Because 

x-1ps - C・θ。=0，

(5.4) 

The equation changes to 

X-18P -E -C・8θ=0.

、‘‘.，，，

「
d

r
J
 

，，.‘
、

Its solution is 

8P = X(E + C・6θ)

( 5 . 6 ) 

According to the results in the last chapter 
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xC 
8P X(E + C. .E) 

2a( T-Tc) (5 . 7) 

X2C2 

= {x + }・E
2a(T-Tc) (5.8) 

Th1s corresponds to the d1electric response of the EC effect in 

the smect1c C phase. The corresponding dielectric constant is 

X
2C2 

εcE =1+ X + 
2a(T-Tc) (5 . 9) 

The d1electric constant for the smcctlc 八 phasc can be 

obtained in the similar way， 

X
2
C
2 

εハE =1+ X + 
a(T-Tc). (5.10) 

It is clear that the dielectrlc constants of the EC effect 

show similar tempcrature depcndences to thc clcctrocJilllc 

coefflcicnt. ^ dlvcrgent pcak cxlsts at thc LransiLiorl point， 
but different from there， another constant term exists in the 

dlelectric constants. 

② .The experimantal results 
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Fig.24 illustrates thelayout of the dielcctric constant 

measuring system. The dlelectric constant is measured with using 

LCR meter (YIlP4974). The ternpcraturc is contro Lled wl th uslng 

precise hot-stage (阿ettler 80). All of the equipments are 

controlled by rnicrocomputer. 1'he dielectric COllstant has been 

measured from 100HZ to 1MHZ. To inves tiga te the low frequency 

properties of the EC effect in the smectic C phase， an DC fleld 

was applied to suppress the response frorn Goldstone mode. 

F1g.25 shows the tempera ture dependence of dielectr ic 

constant ε. The frequency 1s taken as a parameter in this 

f1gure. In low frequency， corresponding to the Goldstone rnode， 

εdepends temperature in a relation which can be described 

approximately as (Tc-T)1/2 below the transition point， but 

remain as constant above the Tc. For high frequency， i.e.， the 

response of EC effect， the absolute value of εdecreases to 

very small， but it shows a d1vergent peak at the Tc. These 

exper1mental results agree with the theoretical calcu1atlons 

that have been shown in the last section. 

Fig.26 shows an DC EDC  bias f leld dependcnce 01' εo  f' EC 

effect in chira1 smectic C phase. The dle1cc Lr lc constan L ln 

smectic C phase decreases wi th the Jncreasing of the f j_c1d 

strength EDC・ This means that the contribution from 

Go1dstone mode 1s effective1y diminished by EDC・

For 10w frequency of the EC effect， on1y the response f'rorn 

the EC effect exists when the DC vo1 tage excecds 5v. Whj 1e 

the most sharp peak at the Tc appears at 10KHZ where pure EC 

response exists， when an 5v DC fleld i8 applicd. Thc EC effcct 

response dccreases wlth thc 1ncreas1ng of DC rleld strcngth when 

the frequency of tlle AC field 1s fixed at 2KHZ， but thc strength 
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of DC field is changed. 1'11is rneans that thc EC ef('ccL respOIlsc 

is also suppressed by the DC f1eld. 

The dielectr1c constants in hOIIlogeneous sample show Lhe 

biasing of the free rotation of LC rnoll8cules around Lllcir short 

axis. Contrast to hornogeneous sarnple， the elcctric fielc1 in 

horneotropic sarnple is parallel to the long ax1s， does not produce 

any influence to the free rotat1on of molccular rotation. 

fig.28b s110ws Lhc d i elcc Lr 1c C011S tan t IIIcasurcd 111 hOfIlco Lroplc 

sample. No peak appears a t thc trans.L tlon po Ln L. Thl s Irlcans 

that a perpendicular electric fleld does not give any lnflucnce 

to the rotation of the molecules， it does not lnduce EC effect. 

s5.3 Dynamic behav10r of EC effect8 9 

The static properties of EC effect have been studied up to 

this section. 1n this section， the dynarn1c propertlcs 01' ιc 

effect will be discussed. The dynamic behavior， particularly 

the response time， 1s very 1rnportant for app11cation purpose. 

The dynamic equation will be set up at first. The 

discussion will again start from the free energy. Neglecting 

the inertial terms， the dynamic equation for the EC effect in 

the smectic A phase is 

d0 dFA
E 

rA ・一一=
dt dθ 

(5.11) 

Where r is the tilting viscosity of LC director. Substituting F
A
E 

into (5.11) gives 

つ山
門

i



fA .~~ . . --ーーー

dt 
(A--XC2)・θ-XC.E

(5.12) 

The solution is 

@ 、‘，，
Jハτ
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(5.13) 

f̂  
whereτハ is This is the response time of EC cffect jn 

a(T-Tc) 
the smectic A phasc. In srncct1c C phase， the rcsJ)onsc tlrne 0(' 0θ 

is also possible to be discussed in similar way. The dynarnic 

equation for 0θreads 

、、.，
J
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向
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一
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-2(八‘-XC2)・(0ω) -xC・E
(5.J4) 

The solution 18 

8θ 

(5.15) 

The relaxation time i8 

fc 
Tc  

2a (T-Tc) . (5.16) 

From above discussion， it i8 clear that the re8pon8e time of the 
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EC effect shows divergent peak at the transition polnt. 

The response tlme has beeu mcasured from the var j a tiOll of 

transmission of t11e sample j_n crossed polarizers whcn a squarc 

vol tage was applicd. Thrce rcsponsc tlmcs wcrc dc r i ncd， the 

first is the time where the transmlsslon changcs from 0% to 10% 

τ。%-10%， the second is the time from 10% to 90%τ10~ - 9 0~ ， the 

third i s the sum of these two. F 19. 29 shows the exper irnen tal 

results. In the smectic C phasc，七o find the rcal responsc f'or 

EC effec t， an DC vol tage has been applied to suppress the 

response fo Goldstone mode 

τ10 - 90カ~ and τ0-1070 lncrenscs with thc clccrce1s1ng of 

temperature continuously， cspcc.lalJy below tγansition point. 

From this reason， τ0-107.1s considered to be the time of EC 

effect. When temperature decreases the response time of 

Goldstone mode 1ncreases dramat1cally because the increasing of 

viscosi ty. However， if an DC vol tage is applied， the response 

of Goldstone mode is suppressed， a divergence-like increasing of 

τ0-10 in the vicinity of the transition point appears as shown 

i n ( 5 . 14 ) an d ( 5 . 15) . Further a jumping increase at the 

transition point appears inτ10-90%.The divergence is attribute 

to the critical slowingdown of the EC effect at Tc. The jumping 

is considered to be caused by the jumping increase of the 

viscosity at the transition point. 

gS.3. Layer switching in EC effect 

The switching of the smect1c layer 1s of lJlteresting， 

because as shown in Fig.34， ln the SmA phase two klnds of Jayer 

response can be considered for one kind of response of LC 
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director in EC effet. 

One 1s that the smectic layers keep their thickness constant 

but change their d1rection. The second is the layers keep their 

norma1 direction， produce a tilt between 1ayer normal and 

director; but produce decreasing of layer thickness. 

This was investigated by x-ray diffraction， in the following 

way. The homeotropic aligned sample was prepared by the 

substrates surface wi th silane. The smectic 1ayers were 

para1lel to the substrate . Array electrodes were made jn the 

samp1e to produce a traverse electric field. '1'111s f1e1d wou_ld 

induce EC effect pcrpclldicu]nr to thc sUDstratc. Tllc variations 

of the layer thickIlCSS cal1 bc clctcctccl by thc X-ray illCidclILillg 

into the sample as shown in Fig.33. 

To get enough d1ffracting intensi ty of X-ray， the salllp 1e 

was made using up substrate of thickness 50μm. '1'111s thLcl<ness 1s 

enough to transparent for X-ray of 1.2KW. Thc temperature of the 

samp1e was contro1led by a res1stance heater madc from 1TO f11m 

on the glass substrate. '1'he temperature was detcc ted wj_ th 

uslng therrnoelectrlc coupling. 

Tab1e.4-1 shows the results in the tempcrature from 260C to 

60 oc. Three kinds ofelec tr ic f ield strength wcre appl ied， 0， 

200v/60μ ， 300v/60μ. No variation of layer thickness has been 

found in this experiment. This results have confLrmed that layer 

thickness do not changc ln thc EC cffcct. 

g5.4 Conclusion 

In this chapter， several proper ties of EC effect have been 

discussed. At last， a interesting question about layer switching 
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in EC e[[ect has been dlscussed. Thls wl11 bc cLLscusscd elgelin ln 

the next chapter. 
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ChEl.p t e r VJ r_['1 II三 S lJ 代 I" Ĉ-=::I.: ^NCコI1 C) 1之 1N Cユ

DEPENDENCE  OF  :ET_，J三C r:_'_-"JミOCL_-，工NLC

EFFECT  

Thls chapter wl11 dea1 prlmarl1y wlth the surface anchorlng 

dependence of the e1ectroc1lnlc effect. Surface effects are 

important in LC research because the bu1k properties of 1iquid 

crysta1s are lnf1uenced by the surface anchorlng potentia1. 

Slnce the beglnnlng of this century， surfacc effects on 

nematic 1iquid crysta1s have drawn wide attention55 56. However， 

systematic researchs began in 1970， where many types of surface 

effects have been found. Among these are the anchor lng of the 

rnolecu1ar dlrector parall cl or pcrpcnclJ cu I ar Lo thc sur f'acc; 

Th e d i s c 0 v e r y 0 f t h e p 0 J a r U II d Il 0 II P 0 1 a r a n c fJ 0 11 I Il g . W 1I i c 1 J el r c 

proportiona1 to the odcl and evcn power of tllc surfacc orc]cr 

parameter respectivcJy. 

In FLC ma ter ia1s， the mo1ecular dlrector has o1l1y Lwo 

stab1e directions， thus the torque variallon ln an arbi lrary 

direction in the switching process is dlfficult to obtain. for 

this reason， very few experiments on the sur f'acc ancho11 j 11ιo[ 

ferroe1ectr ic 1iqui d crys ta1 s 11a vc been rcpo r ted . _[n しIljs

research on FLC， the surfacc effect 1s treaLcd by compuLcr 

simu]at10n where the surfacc anchoring of Ilcrnatlc LC was 

assumed. N.A C1ark et. a159 60， proposed a modcL， whlch coupled 

th1s to the deforrnatlon cncrεy of fLC ancJ intcrprcLcu LIJC 

bistabiliしy of SSfLC. Nakagawa. ct.al， prcscJ1LccJ anoLllcr ('orrn 

where， iDstead of cos-sln functlons and LLs powcr， an 

exponentla1 factor conlainlng sj_n-cos61 was uscd to calculaLc 

the dynamjc bchavlor 1n tllc swjtchlng process. 

For the e1ectroc1inic effect， surface anchorlng a1so has great 
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significance because the ordinary a1igning [11m fixes the 

mo1ecu1ar director a10ng one direction. 1f the surface anchoring 

therefor is very strong and the ce11 approaches a zero 

thickness， no EC effect can exist. On the contrary， if the ce11 

is thick enough， the fundamenta1 behavior of the EC effect can 

be observed. We also expect the surface anchoring of the EC 

effect to be able to provide some imformation on the surface 

effect in FLC. Surface anchoring strength 1n an arbitrary 

direction may be observed by investigating the balance between 

the torque of the e1ectric fie1d and surface anchoring. 1n EC 

effect， the rotation of the molecu1es is bi_ascd by a e1eetri_c 

fie1d and the microscop:lc s tatcs of rnolccu 1 cs i s vcry Illuch I i kc 

that in FLC. So the surface potentlal observed f'rolfl ECE 1s aJso 

possibly adaptable for FLC. 

~6. 2 The experimenta1 resul ts show1ng the sur face anchor j_ng 

dependence of the electroclinic effect 

1n recent years， the electroclinic ef[ect has bccn acLivcLy 

studied. IIowever， no results about the inf_Lucncc 01' sUl~ f' ace 

anchoring on EC effect have been reported. 1n this section， we 

will shows direct results of the 1nfluence of thc surface. 

① Texture variat10n 

Fig.35 shows the texture of the SmA phase ln the v1cinity of 

the transition from chiral nematic to the smcctic A phase. 1f 

the samp1e is very thick， the texture varjatLon is constant 

whether the temperature 1s increasing or decreas1ng. Th1s 1s the 

typica1 texture of the SmA phase w1th a layer undu1ations that 
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was discussed before. If the samplc 1s thi 11 cnougl¥， a IlCW  

structure arises between the Lcxturc of smecしjc 八 aII CI c 11 i I~ [LL 

nematic phase. In the heating process， at ternpcraturcs 2 lo 3 

degrees below the tralls1t1on polnt， the undulation sLrucLure 

disappears. Instead， a vcry dark distinguishllble dirccしor

orientat1on in the cross polarizer appears due to the rclaxal10n 

of dcfects by the surface torquc. Thls stalc a-180 shows an 

electroclinic effect， 

state. Haising the 

but rnuch JTIorc wcak thun tllat in undulaLcd 

ternperalurc agalIl， a ncw hcllcoicJal 

structure of chiral nemetic phase arlses ul lhc ordjnary 

transition point. ln cooling the sample， the undulated structure 

of smectic A phase would appear directly f γom the chiral 

nematic structure. Texture varlatioll depends strongly on the 

speed of cooling or heating. If we heat sample fast enough the 

undulated states get enough thermal energy， and changes directly 

to a helcoidal structure. 

This result means that the director field and the layer 

structure are strongly affected by the surface anchoring energy. 

U6.2 The influence of the electroclinic coefficlent 

1. The surface effect 

Based on this resul t， we investigated the surface 

anchor ing dependence of the elec troclini c coef fi ci en t . 

Before discussing the effect of the surfacc to EC ef fcct， 

the change in the surface anchoring energy will be mentioned. As 

indicated above， many methods of producing differcnt 

orienta tJ ons of the ITlolecular cllrcc Lor a t a so 1 i d su r f'ace Ilavc 

been forrnulared. These rnethods arc dLvlcJccl Jnlo Lwo Lypcs， 

The first type， which includs the oblique dcposltion o[ S10 
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or ob1ique sputtering of meta1 oxide， changes the surface 

roughness and produces micro grooves or co1ulllns (sevcra1 

hundreds angstrom) j_n a spcc Lal dlrec tion. Tllc I，C rnolccu I ar 

director would bc or1cIlLaLccl sucll tllaL Lhc maLcrJal 日110WS Lllc 

sma11est distortion. This IIlcthod 1s w1dely usccJ j n rcscarcll to 

produce a sma11 samp1e with high preti1t ang1e. llowever， it is 

difficu1ty to change the orientationa1 anchoring strength. 

In contrast， the rubbing rncthod is wide1y uscd industr1a-lly. 

This method coats a thin [i1m of po1yimlde or polyvinyla1cllo1， 

of severa1 hundreds micron thikness， 

surface with c1oth. Two kincls o[ 

and then rubs the polymer 

varj日tlon resu1ts in the 

rubbed fi1m. The first is the specja.L grooves whLch are induced 

in rubbing direction， the second is the optica1 anisotropy， 

i.e.， the orientation of po1ymer chains that is induced. It has 

been reported that the 1ater is more irnportant for producing 

surface a1igning of the LC director. The physical properties of 

rubbing fi1m are easi1y changed by the pressure or rubbing 

n um b e r . F 1 g . 36 i 11 u s t r a t e s t h e r e 1 a t 10 n b e t w e e n r u b b i n g 

number and the optica1 retardation of polyimide fi1m(RN-305， 

Nissan chem1ca1). We used opt1ca1 retardation to est1mate the 

orientation of order of PI fi1m. Because retardation of the 

fi1m can be written as sn.d*， where d* is the thickness of 

deformed part of the orientation fi1m， d n is the anisotropy of 

rubbed PI fi1m and dn=S処df10・ S rcprescnLs thc dcgrcc of 

orientation of the po1ymer chain， dno 1s the anisotropy of the 

perfect1y orientated PI fi1m. From this resu1t， it is possib1e 

to suggest that the order of po1ymer chain becomcs hLgher as Lhe 

rubbtng pressure increases. 

The surface anchoring o[ the rno1ecular d1rcctor lncreases 
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with the retardat1011 

the retardation of 

as SIlOWll III Flg.37. ドrOIll Lhis rcsuJL， if' 

the rubbing fi1m can bc cllanged， the 

anchoring strength of mo1ecu1ar director to thc sur face wl1l 

likewise change. 1n th 1S rescarch， another rncthod was uscc1 to 

change the retardai10n of the P1 f11rn.Thc I-etaruatlon was 

changed by increasing the rubbing times.1t was assumed that the 

retardation of fi1m is proportional to thc rubbing numbcr. 

Fig.36 shows the experlmcntal results bascd on assurnptloJ1. ^ 

nearly linear relation was founcl betwcen retarclaLloll and rubbLng 

number. Hence， it can be inferrecl that there 1s a linear 

re1ation between rubbing number and surface anchoring strength. 

1n considering the the total energy of the sample， the bulk 

energy of the LC 1ayer and sur face energy are includcd. 1n 

general， the bu1k energy is proportional to the size or the 

thickness of the samp1e. However， the surface energy is 

constant. So the ratio of the surface energy in the tota1 energy 

may be changed by varying the samp1e thickness. This has been 

done in this research work. 

② The variation of e1ectroc1inic effect 

1n the fo11owing section， the EC effect measured 1n severa1 

cells with different surface anchoring potential wil1 be shown. 

Fig.38 shows one group of cells with the same thickness but 

different rubbing number， a1l other measuring conditions are the 

same in all of these data. 1t can be obtainecl from this graph 

that when the rubbing number increases， the slopes of θ-E curve 

decrease. Hence the more the rubbing times， the stronger the 

surface anchoring strength. The samp1e with rubbing numbcr of 

11 shows a 10wer EC effect than a sarnple of rubblng nurnber or 9. 

This can be interpreted by considering that if the rubblng 
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number exceeds a limi t， the P 1 film would bc scrapcd f'roIll lhe 

substrate surface， producing a lower surface strength. 

Fig.39a shows a resul t where the LC medl um thlckness was 

changed. The diameter of spacers made [rom glass bias was 

changed， [rom 1.5μm "" 50μm， and produced samplcs wl th lhe 

thickness from 0.7μm"" 2 0μm. Fig. 39b shows thc EC e[fect of 

four samples wi th thicknesses 1μ ， 2μ ， 4μ ， 8μ ，respectlvcly. 

It is evident that a thlcker sarnple sIlows a lal~gcr E:C effcct. 

Also the lineari ty in the relatlon betweenθand E decrcases 

wi th the sarnple thickness. Thcse behavior may be explained by 

introducing a surface anchor lng energy ln lo lhe encrgy 

discussion of liquid cryslal sarnples. 

~ 6.3 The Effects of Surface Anchoring Energy 

on the Dielectric Constant 

It 1s known that the ternperature dependence of the 

dielectr1c constant of sorne liquid crystal rnaterial， Wllich 

conta1n ch1ral dopant， measured at the soft mode frequency shows 

a divergent behav10r at a critical temperature between SmA and 

SrnC* phase 32. Th1s phenomenon can be explained by a theory 

parallel to Landau's theory of phase trans1t10ns31 32 

However， no research has been done， on the effect of the 

surface anchoring potent1al on this transltional phenomenon. 

1n thls sectlon the effect of the surface 

potent1al on the phase transltion phenomenon in smectic phase， 

in terms of the d1electr1c constants 1n the Go1dstone modc at 

100HZ and 1n the soft mode a t 2KHZ w1 i1 be reportcd. 1n the 
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Q
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tempera ture dependence of Lhe dlclcc tr lc COllS Lan L i!l Lhc sυfL 

mode， the phase transi tion tempera ture betwccl1 Srn̂ and SmC市

phase measured from the divergent peak ， and the width o[ the 

curves were shown to be strongly dependent on thc sur face 

potential. 

The dependence of the dlelcctrlc constallL boLh on the 

frequency and the temperature were measured wlLh a system shown 

ln fig.24 cons lsLing of YHP4274八 LCR rnctcr (:311χ- 1 OOKIlZ) and 

the temperature conLrol unlt and a precisc lJot stagc (阿c1.，Llcr

80) which was controlled with a microcomputcr. fairly good 

temperature stabili ty was achieved wl th an accuracy of :t0. 01 oc 

during the data collection period. The collcc1.， Lon of data was 

carried out for on]y tllc coolillg proccss. Tllc daLa of the 

capacitance and temperature were transfcrrcd to the 

microcomputer and then they were processed and 1.，he results wcre 

displayed on display unit. 

The dielectric constant was measured in a freqency from 100HZ 

to 100KHZ. At 100HZ a dielectric response related to the 

Goldstone mode was obtained below the SmC骨-SmA transi tion. To 

suppress dielectric response of Goldstone mode in SmC骨 phase，a 

DC field was applied through the samples. 

The temperature variation of the dielectric constant is shown 

in Fig.25a. For low frequencies (a) corresponding to the 

Goldstone mode， εG increases with decreasing temperature 

of the samples below the transi tion point. However for high 

frequencies (b) corresponding to the soft mode， a frequency 

dependence of dielectric constant was discovered， a striklng 

divergence was found at a region from 1-10KIIZ. Considering t.hat 

the transi tion from SmA 1.，0 SrnCホ is a second order transitjon， 

then the divergent peak of the dielectric cons1.，ant must bc Lhe 
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transition point. 

1n Fig.40， the influence of the cell thickness on the 

observed dielectric constant is shown. From this result. it can 

be understood that in a thick sample the dielectric constant of 

the Goldstone mode increases faster than in a thin sample. as 

the temperature decreases. The relation between dielectric 

constant εG and temperature may be written as (Tc-T)n ， where 

n increases with the thickness o[ the samples 111 a reg10n from 

1/2 to 1. 

Fig.41 show the dielectr1c constants corresponding to the 80ft 

mode. Two things may be seen from in these results. The f1rsL 18 

that the width of the curvc o[ a th1n sample 1s largcr than Ll1at 

of a thick one. The second is that the posit1ons of peaks 

(critical temperature or second transition points) shift to 

thelower temperature region whcn the samplc bccome thinncr. 

Pig.42 shows thc relat10nsll1p bctwccn t11C scconcJ ordcr 

translt10n p01nt and Lhc samplc th1ckness. The cJead line 1n the 

figure is a theoretical value which w111 be d1scussed in next 

chapter. 1t can be seen that there ls good agrecment betwcen 

the experimental results and theoretical cornputations. The 

result also explalns that 1n a sample of acccptable thlckness， 

the transition point is only dependent on the property of the 

materials， so the shift is nearly zero. For a sample with zero 

thickness， the director 1s [1xed on the substratc sur[ace and no 

transition would be occur， even the temperature 

decreases.This means that the trans1tion shift would be negative 

1nf1nity. 

To further invest1gate the influence of surface anchoring 

potential ， the surface anchoring strength was controlled by 
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changing the rubbing number of the polyimide orientation fi1ms. 

As mentioned before， the surface potentia1 increases wi th the 

rubbing times. Fig. and Fig. show the dependence of the 

dielectrlc constant on the rubbing times as a function of 

temperature. The low-frequency die1ectric constant varies as a 

function of (Tc-T)， but maintains a constant n， while the second 

order transition point shifts to higher values with the rubbing 

number， i.e.， it increases with surface potent1a1. Furthermore， 

the lligh-frequency die1ectric constant (F1g.44) varies as a 

function of (T-Tc)-l， ana1ogous what happens in Fig.43. FJg.44 

shows that rubbing number 1s 1ndeed proportionaJ to thc sccond 

order transition point. 

96.4 CONCLUSION 

In this chapter the surface potential dcpendencc of 

electroclinic effect frorn a v.iew po1nt of optiea1 propcrty and 

die1ectric property has been reported. It was found that the 

e 1 e c t r 0 c 1 j n i c c 0 e r f 1 c i e n t cl c c r c n s c s w i t II t Ih c j n c r c a S C 0 r s u r r' a c c 

potentia1， and that a second order transi t10n point can be 

shifted by a change in the sur face potent1aJ. 八11 o[ these 

resu1ts wi11 be exp1ained in the next chapter with the modi[ied 

Landau theory. 
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In the last chapter i t was reported that 1.118 clcctroclj nic 

effect is strongly dependent on the surface potential. In thls 

chapter the sur face potential energy will be d i scussed wi th a 

rnodified Landau phenornenon phase transi tlon thC01-Y. 

97.1 The surface potential energy 

In this section a new rnodel will be proposed to explain the 

surface effect observed ln the electrocllnJ c effect. ŝ 

introduced in the last chapter， several models have been 

presented so far to interpret the surface effect in liquid 

crystal. A simple model whose surface potential energy consists 

of a polynomial expression will now be introduced. 

The surface potential energy， may be di vided into a polar 

part， which is described by odd power terms， and a non polar 

part， described by even power terrns. For approximation. we 

ignored the higher order terms， and consider only the first and 

second orders. A sirnilar discussion was used in the nelllcLlc 

case， but a di veri ti ve terrn was introduced to deal wi th the 

space var ia tion of order pararneter， tha t i s not necessary hcre 

because the thlckness of the smectlc layer 1s hard to changc by 

an external force as mentioned in the last chapter. Cons1dcring 

this factor， we get a surface potential in formula， 

fs 一{ U・θ+ 1/2 ・G.θ2}・o( z ) ( 7 . J ) 
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where z 1s the sample th1ckness d1rectlon， θ1s the angle 

between the d1rector， and the rubb1ng direction at the 

substrate surface. U and G are assumed to be positive constants 

1ndependent on temperature and depend only on the property of 

the orientation f11ms and the rubbing conditions. It is assurned 

that U and G are proportional to the rubblng tlmes. 

The discuss10n of the physical property of tIlc srneetlc laycr， 

when a surface potential is consJderecl starts frorn thc frec 

energy dens1 ty. The free energy densi ty for thc smcctlc 八 und

the chiral smectic C phases may be wrltten as 
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111  
FcE = -Aθ2 + -}3θ" +一一・p2 -Cθp 

2 4 2x 

( 7 . :3 ) 

The total energy of the sample can be writtcn as 
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Integrating Fc
t 
and FA t for z， a complete form of energy may be 

obta1ned， 1. e. ， 
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From eqts. (7.6) and (7.7)， the only var1able 1s thc tJIL angJe， 

while the sample thJckness ancl ternperaturc are two oLllcr 

parameter. Fig.46 illustrates the calculated results by 

(7 . 6) and (7.7)， where the spindle represents tbe total etlC rgy 

and the abscissa represents the tilt angle. Thc ternpcraturc was 

taken as the third parameter. (a) shows a case where the 

surface potential was considered. Delow the transition point， F 

shows two minimum with θ， which decreases drama ti ca lly w i th 

ternperature. The wldth of' the miJlirnum pc九k clccrcascs wittJ 

temperature. This rneans that the amplltude of Lhc fLuctuatioll at 

the rninimum decreases w 1 th ternpera ture ， consequcn tly the 

decrease of electroclinlc effect. On thc othcr hand， above 

transi tlon point only onc rnlnlmulTl appcars 1n tllc curvcs. TlJ ls 

means that in this reglon only smcct1c ^ 18 a stablc state. 'J'l1e 
width of the minimums is the largest in the tt-ansition po1nt， 

consequently the electroc11nlc effect 1s largest at the 

transition point. 

Fig.47 and Fig.48 show the results where the surface 

potential is considered. Two parameter U and G were determined 

by fi tting the shift of transi tion polnt. Note that G is 

helpful in producing a stabJe srnectjc C phasc. and slightly 

change the EC effect. IIowever U changes， the curves radicaJJy， 
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showing only one stable state of the smectlc pbasc even bclow 

the transition point. Simutaneously， U decreases the peak width 

of the minimum， producing a decrease of EC effcct. 

e7.2 In Smectic ^ Phase Electroclinic Coefficicnt 

and Dielectric Constant 

The electroclinic effect will now be considcred in relation 

to the influence of surface potential. From e7.1， a sirnutaneous 

state equation for the smectic A phase is written as 

8Fg C 

(Aθ-C.P)・d 一(U +G・θ) 。 (7.7a) 
38 

8Fg C 

x-1.p - E -C・θ 。 (7.7b) 
8P 

Substitution of (7.7b) into (7.7a) gives a new equatlon wlth 

only the variableθ 
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The solution of (7.8) is 

xt U/d 
θ八 • I'~ + 

八 -xt?-G/cl 八 -xt2-G/<1 ( 7 . ~) ) 
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Clearly 8八 consists 0-[ two parts; one is a spolltaneous tiltjng 

induced by U， i.e.， 
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(7.10) 

This means that the introduction of a polar surface potential 

would necessarily produce a "small" spontaneous "incline" of the 

director， and hence a layer inclination as shown in Fig. 48. 

Actually， research groups in CANNON CO.Ltd. and in Merck 

reported a tilting of smectic ^ phase. 

The other one which is proportional to the strength of the 

applied field E， the latter being the contribution of EC effect. 

So if only the EC effect 1s considered， (7.9) Celn bcγewritten 

as 

θ八
、
u
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( 7 . 1 1 ) 

consequently the electroclinlc coef[lclent givcs 

KA
E 

xt 

^ -xt2-G/d 
c
 

t
n
-

V
A

一一一
Ta
 (7.J2) 

Clearly， Tc"= Tc'+G/ad ， so a IlCW rcsu]t shows t1laL if a non 

polar surface term 1s introduced， the phasc trans1 t10n po1nt 
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would shift by a temperature G/ad. Thls 1s the f.irst observaLlon 

of shift of this type. 

To find the dielectric behavior， Substitute eq.(7.10) back to 

eq.(7.6b)， to obtain the polar1zation as 

P 

d
 

f
/
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つ
』
一
一

t

一2

2

一
t

V
A

一
V
A

+ XI・E + constant 
(7.13) 

Considering the relation between P and E， the dielectric 

constant may be written as 

x2t2 
ε = (l+X) + 

A -xt2-G/d 
(7.14) 

In conclusion， two new facts were revealed. One Ls that po1ar 

surface potential would induce a spontaneous incline in smcctic 

^ phase， the other is that the transition point would shift Lf a 
non-polar surface potential 1s considered. 

9 7.3 In Smectic C Phase 

The smectic C phase will now be d1scussed. Thc staLe equatjon 

of the smectic C may be written as 

3Fg C 

(A‘θ+s・θ3 -C.P)・d -(U +G・8) 。 (7.16a) 
38 
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3Fg C 
X-1 .p - E -C・θ 。 (7.16b) 

3P 

If no electric field exists in z direction， (b) becomcs 

Ps xtθ。 (7.17) 

substituting (7.17) into (7.16a) gj_ves a ncw equation aboutθ， 

i . e. ， 

日・θ3 +(/¥--XL/. 一 G/d)・ω -U/d =() 

(7.18) 

which may be written as 

a U 
θ3 +ー (T-Tc‘)・θ =0 
B Bd 

(7.19) 
a U 

where Tc ‘ =Tc +xt2/a +G/ad. Let 3α= -(T-Tc、)， 。=一一一一， we get a 
B Bd 

new cubic equation 

θ3 +3αθ +s =0 (7.19) 

If two other variables are defined 
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μ，ν 
1 

2 
{-s :! ，J s2+ 4α3 } 

(7.20) 

Under the condition s2 +4α3< O. Eq. (7.20) has two solutions 

θ0 3~了士 3tfて (7.21) 

To find the relation between 00， temperature and surface 

potential， note that since s2+4α3 <0， soμ ， v can bc wrjtten as 

μ， v 

where 

1 r 

{-s :!j~1 _(s2+ 4α3 ) } 
2 ・w

L=;J02+{ー(山 3) } 

イa3(Tc--T)3 T<Tc、

U 1 
cos(φ) 

Bd a(Tc‘-T) 

so the solutions are now given by 

σ)+ 7T 

00 = 2Na(TピーT)・cos(
3 
) 
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L骨exp(:!jφ)

(7.~~) 

(7.23) 

(7.24) 



(7.~:';) 

@。 2N a (Tc‘-T)・cos(ヱニ)
3 (7.26) 

U 1 
cos(φ) = 

日d u(Te‘-'1') 
(7.~7) 

From the above d:lscussion， wc get anothcr phasc transj L i on 

condition is imposed 

。2 +4α3< 0 

(7.28) 

Tc ‘ indicated that above Tc ‘ only smectic A is stable. Another 

transition shift sT‘ may be proposed because of the existence of 

the polar surface potential U 
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sT‘= 3/a ~ペ寸言. 1/d2/ 3 

(7.30) 

so the real transition temperature can be written as 

'Tc “ =Tc 、-dT、
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x2t G 

a ad 
一二!12つ点ず=Tc + 一一一一+

(7.31) 

From (7.30) the transltion temperature shlfts to higher 

values when G increases. When d cJlecrcascs， there two 

possibilities， when d is large Tc 、‘ shi fts to lower 

temperature. 

The electroclinic effect will now be considered in relation 

with the surface potential. As in chapter V ， the form for θand 

P when a electric field is applied may be written as 

8 =θ。+88(E) (7.32a) 

P =Ps +8P(E) (7.32b) 

substituting all of θand P into (7.7)， a new equation reads 

B • (θ+88)3 +(A
、

-xt2 -G/d)・(θ+8θ) -U/d =0 

(P+8P) =χ{E +t(θ+8θ) } 

Neglecting higher order of 8θ， the solutlon 1s given by 

xt 
88 = E 

(7.33) 

(7.34) 

A‘ -xt?-G/d +3sθ02 (7.35) 
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x?t2 
uP =x+ 

A‘ -xt?-G/d +313θ02 ( 7 . :36 ) 

whereθ。is the spontaneous t11 t of the smect1c C phase. From 

this formula， we can get the electroclinic coefficient and the 

dielectric constant 

The transition point observed in the smectic八 phasedoes not 

depend on U. Thls meanst that the transj tion point shlft to 

higher temperature when d decreases， In contras t to this， the 

transition temperature from smectic C phase is strongly affected 

by U， such that Tc shifts to low temperatures when d decreases. 

These two factors imply that the width of dielectric curve 

increases with the decrease of sample thickness. This has been 

confirmed in the last chapter. 

~7.4 The Surface Potential Dependence of The Transition Po1nt 

In this section the transition point will be discussed 

briefly. The transition temperature is determjned by 

x2t G 

a ad 
3d対日7

(7.:37) 
Tc “ =Tc + 一一一・+

Some simulation results will be shown. 

Fig.49，50 show the relation between the shift of the 

transition ternperature and the sample thickness. In this grnph， 

the value of U and G were dctermined to make good fLtting to 

the cxperimental resul ts. Tl1c bcs t values arc 0.0:395 alJd 0.232 

respecti vely. It 1s clcar tha t tllc theorctlca L reslIJ ls agree 
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44 圃圃

wlth the experlmental results very well. If the value of U and G 

are changed， the relatlon wlth the transltlon temperature d can 

be found as shown ln Flg. 50，51. 

For the case where the sample thickness is constant， but the 

surface potential is varied， Flg.50，51 show the calculated 

results. G induces a linear increase of transition temperature. 

but U produces a decrease of the same temperature. 

g7.5 CONCLUSION 

In this chapter a surface potentLal 8ncrgy was prcscntcd to 

explain the surface effect reported ln the lasL chaptcr. 八 vcry

good agreement was found between the theoretical calcula t Lons 

and the experimental results. 
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(コhεヨLP吐二モ三:r vm CONCLUS工ON

The basic properties of the EC effect have been studied 

systematically from experiment and theory. 

Several new experimental results have been obtained. It has 

been made clear that the EC effect exists not only in smectic A 

phase but also in chiral smectic C phase or chiral nematic 

phase. The critical properties of the EC effect have been 

stud ted in detall. The d l vergcnccs a t Lhc Lrans i tj Oll po.l n t， f'or 

the phys i cal proper tl es 0 f LC mu tc r lals， whl c11 cl1ura Lc r i zc Lhc 

second type phase transi tion have been conf _L rrncd i n EC 

coefficient， dielectric constant and response tlme. 1t has been 

discovered for the first time tllat thc EC cff'ect -j s strongJ y 

dependent on the surface anchoring propertics 01' the samplc. The 

transition point， from the smcctlc A to chlral srnectic C plJase， 

is strongly dependent on the surfacc anchoring strength and the 

sample thlckness. 

Chapter 2 discussed the phascs of llquld ct'ystal mater i als 

and their basical physlcal properties， espccially the [-0 

proper ties which are very lrnpor tan t ln app] j ca tj on， has bcen 

introduced briefly. _[t is shown Lhat the EC cffcct cxhj bl ts the 

highest response speed in the E-O effect of LC materials. 

Chapter 3 discussed the ferroelectric liquld crystals. The 

FLC has been discussed by modifying Landau phase transi tlon 

theory to the transi tion from the SmA to thc SrnCホ phase. A 

detail comparison of FLC properties， between the material with 

EC effect and one wi thout EC， has been made. Anornalous FLC 

behaviors were found in the ternperature dependence of the tllt 

angle and polarization for the FLC rnaterials showing EC effect. 

The EC effect has been discussed in chapter 4. The EC effect 
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has becn s tudj cd by upply lllg I，<llldau phasc trはIlsiLiOI1 Ll1cot"Y Lo 

the transition frorn srnectlc ^ Lo srncctlc C phasc. Thc EC ef'f'cct 
which is discovered in chiral srnectic C is explalned 

successfully. The surface dependence of the EC ef fect and the 

transition point have interpreted by introducing surface 

anchoring potential， which consists of the powers of the tll t 

angle， into the free energy of the LC rnaterial. 

The EC coefficients KEs have been studled ln detall by 

measuring the birefringence of the LC sample. In the ternperature 

dependence， KE is found to be (T-Tc)-1 in the SmA phase， i.e.， 

T>Tc， (Tc-T)-l in the SmC* phase， i.e.， T<Tc・ Theratio between 

KÊ  and KEC is found to be 2.36. This value is near the 

prediction 2 of Landau phase transltion theory. 

The other physical properties of EC materials have been 

discussed in chapter 5. The dielectric property， dynamic 

property， i.e.， the response time， and layer switching have been 

discussed. It has been shown that the dielectric constant and 

response time for EC effect show divergent peak at the 

transition point. Their temperature dependence are shown to be 

(T-Tc)-l. It has shown that ln EC effect， thc smectjc laycrs 

preserve their thickness by turning thelr norIrlals arounc] the 

short axis of the LC molecules. 

The surface anchoring dependence of the EC effect has been 

discussed in chapter 6 and chapter 7. It has been shown 七hat the 

EC coefficien t KE decreases wi th the .increasj ng 0 I su r ('ace 

potential or the decreasing of the sample Lhicl<ncss. The 

temperature dependence of the dlelectric constaJlt for EC ef[cct 

i s f 0 u n d t 0 b e s t r 0 n g 1 y a I r c c t c cl b y s u r f a C C el n c h 0 r .i. n g . T h c 

va 1 u c 0 f t 11 c d 1 e 1 e c t r 1 c c 0 n s t a n t s d c c r e a s e s w 1 L h t h e j n c r e a s i_ n g 

of the surface anchoring strength. The divergent peak， whicll is 
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referred as the transitlon point between SmA and SmC骨， shifts to 

high temperature while the surface anchoring potential 

increases， and shifts to low temperature while the sample 

thickness decreases. The half width of the dielcctric consLunt-

temperature curve increascs wj Lh thc dccrcas I n広 of' Lilc sa川plc

thickness. 

The theoretical discussion on the sur face anchoJ・jng

dependence has been done in chapter 7. Thc sur face potent i u1， 

which exi s ts only a t the physlcal sur [aces， con s l s t 0 r thc two 

terms formula on the powers o[ the til t ang_Lc. '1'he sur face 

potential is divided in polar and nonpo1ar part. Tlle ti1t elllg1c 

and the polarization， when an electrlc fie1d i s app_Lled， llas 

been calculated [roITI thc cOIldl tj 011 where the しoLaJ frcc encrgy 

takes i ts minimum. The theoretical discussion shows that the 

transit10n p01nt 1s depcndcnt on both surfacc elncllorjng strcngth 

and sample thickness. Quatatltjvc agTccITIcnL bcLween thc 

theoretlcal model ancJ cxpcr Lmcn L， lIa:s bCCll con f' i rlJlccJ by 

computer slrnulations. The sur [acc anchoring dcpcnclcncc of Lhe 

transition point shows that the rubb1ng treatment only changes 

the nonpolar part of the surface potent1al， docs not jnduce any 

variation in polar surface potential. 

This thesis only dealled with the pure physlcal properties of 

the EC effect. The EC effect is expected to find wide 

applications in display and optical processing. Much work has to 

be done on the alignment of the smectic A phase and its display 

properties， such as viewing angle and colour properties. 

-125-



;一一一一 三望望 | 

REFERENCE 

1.C.阿.Gomes， S. Tsuj igawa， 11. Maeda， 1I. Sekine， T. YarnazaJd_ ，阿 .Sakarnoto，

F . Okumura and S. Kobayasld， .Jpn..J. p̂pl . Pllys . 30 ，し:38s(tB9J ) 

2.R.B.Meyer，L.Liebert，L.strzelecki and P.Kellcr， 

J.Physiquc(Lett.)，36，L-69(1975) . 

3 N.A.Clark and S.T.Lagerwall，Appl.Phys.Lett.3G，899(1980). 

4 S.Garoff and R.B.Meyer， Phys.Rew.Lett. ，38，848(J977). 

5 S.Garoff and R.B.Meyer， Phys.Rew.Lett.A 19，338(1979). 

6 G.Andersson，I.Dahl，P.Ke11er，W.Kuczynski，S.T.Lagerwa11 K.Skarp 

and B.Steb1er，Appl.Phts.Lett. 51，640(1987). 

7 S. N i shiyama， Y . Ouchi ， Il. Takezoe and .̂ FuJkuda， .J pn . J .八ppl.Phys. ， 

26，L1787(1987). 

8 Sin-Doo Lee and J.S.Pate1，App1.Phys.Lett. ，54，1653(1989). 

9 Sin-Doo Lee and J.S.Pate1，App1.Phys.Lett. ，55，122(1989). 

10 C.V.Raman and T.阿.K.Nedungadi，Nature，145，147(1940). 

11 L.A.Berensev，L.M.B1inov，M.A.Osipov and S.A.Pikin，問ol.Cryst.

L1q.Cryst.158A，3(1988). 

12 CH Bahr and G.Heppke，L1q.Cryst.2，825(1987). 

13 R.Q1u，J.T.Ho and S.K.Hark，Phys.Rew.A 38，1653(1988). 

14 C.Rosenb1att and J.D.L1tster，Phys.Rew.A，26，1809(1982). 

15 C.C.Huang and J.M.V1ner，Phys.Rew.a 25，3385(1984). 

16 Z111 L1 and Charles Rosenb1att，Phys.Rew.A，39，1594(1989) 

17 CH Bahr，G.Heppke，and N.K.Sharma，Ferrelectrics，76，221(1987) 

18 J.Pave1，M.Glogarova，Ferroelectrics，84，241(1987). 

19 K.Yoshino，T.Uemoto，and Y.lnuishl，Jpn.J.̂ ppl.Phys.， 

16，571(1977). 

20 J. IIoffman， W. Kuczynsk 1 and .J. Ma lcckJ ， Mol . Crys t.. J， 1 q . Crys L. ， 

44，287(1978). 

21 8.I.Ostrovskil，A.Z.R.abinovich，A.S.Sonin alld E.八.Strukov;

-126-



Sov.Phys.JEPT，47，912(J97D). 

22 a A. L e v s t i k ， [3 . Z c k s ， 1 . L c v s y j k ， R . [31 i n k an d C. F j L 1 j p 1 C ， .J .ドllys.， 

40. C3-303(1979). 

22b A.Levstik，B.Zeks，I.Levsyik，H..[311nk and C.Fj L11plc，阿01.

Cryst.Liq. Cryst.Lett. ，56，145(1980). 

23 de Genns， "The Physics of Liquid Crysta1" (C-j arendon Prcss， 

Oxford， 1974). 

24 R.Wi11iams，J.Chem.Phys.， 39，384(1963). 

25 R. Williams，G.H.IIeilmeier， J.Chem. Phys. ，44， 638(1966). 

26 G.H.Heilmeier， L.A.Barton and L.A.Zanonl，八ppL.Phys.

Lett. ，13，46(1968). 

27 G.H.Heilmeier，L.A.Zanoni and L.A.sarton Pro. [EEE56， 

1162(1968). 

28 G.H.Heilmeier and J.E.Goldmacher，Pro.IEEE，57，34(1969). 

29 J.L.Fergason U.S. Patent3，731，986(1973). 

30a M.Schadt W.Helfrich，Appl.Phys.Lett. ，18，127(1971). 

30b S.A.Pikin and V.L.lndenbom，Usp.Fiz.Nank.125，251(1978). 

31 Ph.l可artinot-Lagardeand G.Gurand，J.Phys.42，269(1981). 

32 B.Zeks，Mol.Cryst.Liq.Cryst. ，114，259(1984). 

33 Ph.Martinot-Lagarde J.Phys.(Paris) Lett.38，17(1977). 

34 V.Dvorak，Ferroelectrics 7，1(1974). 

35 R.Blink，Phys.Status Solidi B70，K29(1975). 

36 D.Cabib and L.Benguigui，J.Phys.(Paris)38，419(1977). 

37 A. Michelson， D. Cabib and L. Benguigui， J . Phys. (Par is) ~38 ， 

961(1977) . 

38 T.P.Rieker，N.A.Clark，G.S.Smith，D.S.Parmar，E.lJ.Sirota and 

C.R.Safinya，Phys.Rew.Lett.59，2658(1987) . 

40 K.Skarp，I.Dahl，S.T.Lagarwall and B.Stcbler，MoJ .Cryst.LJq. 

Cryst.， 114，283(1984). 

41 K.Miyasato，S.Abe，II.Takezoe，A.Fukuda and E.Kuze，Jpn.J.App]. 

-127-



Phys.， 22、L661(1983). 
42 L.M.Blinov，L.A.Beresnev，N.M.Shtykov and Z.M.Elashvili， 

J.Physique， 40，C3-269(1979). 

43 W.J.阿erz，Phys.Rew.，95，690(1954). 

44 A.M.Biradar，S.S.Bawa，S.B.Samanta and S.Chandra，Phys.Stat. 

Solidi (a)97，427(1986). 

45 K.Kondo，Y.Sato，H.Takezoe，A.Fukuda and E.Kuze，Jpn.J.Appl. 

Phys. ，20，L871(1981). 

46 K.Kondo，II.Takezoe，A.Fukuda and E.Kuzc.Jpn.J.八ppl.Phys.， 

21，224(1982) . 

47 S.A.Rozanski，Phys.Stat.Sol.(a)，79，309(1983). 

48 K.Skarp，K.Flatischler，K.Kondo，Y.Sato，K.MiYelsato，II.Takezoc 

A.Fukuda and E.Kuze，Jpn.J.八ppl. Phys . ，22，566 (-1 983) . 

49 K.Kondo，H.Takezoe，A.Fukuda and E.Kuze.Jpn.J.Appl.Phys.， 

21，224(1982). 

53 R.slink，S.Lugomer and B.Zeks，Phys.Rew.A，9，2214(J974). 

54 Ph.Martinot-Lagarde elud G.Gurund，FcrroelccLrlcs，24， 

89(1980) . 

58 M.A.Handschy，N.A.Clark，Ferroelectricsl，59，69(1984). 

59 Xue Jin-Zhi，M.A.Ilandschy and N.A.Clark，Ferroclectrlcs，73， 

305(1987). 

60 M.Odamura，S.Nonaka，K.Kondo，阿.Isogai and K.Anjyo Proceeding 

of the SID Meeting in San Diego，1985，P.228. 

-128-



List of Publication 

1. Y.B. Yang， N.Nakamura， A.Mochizuki and S.Kobayashi: 

" E 1 e c t r i c -F i e 1 d -D e p e n d e n c e 0 f T i 1 t ( C 0 n e ) An g 1 e i n a C h i r a 1 

Smectic C Liquid Crystal Showing Electroclinic Effect in the 

Smectic A Phase" 

Jpn. J. Appl. Phys. 30 (1991) ppL612-615. 

2. Y.B.Yang， T.Bang， A.Mochizuki and S.Kobayashi: 

" The Surface Anchoring Dependence of the Dielectric Constant 

of an FLC Material Showing Electroclinic Effect" 

FERROELECTRICS，Vol.121 ppl13-125. 

3. Y.B.Yang， T.Bang and S.Kobayashi: 

"The Surface Anchoring Dependence of Electroclinic Effect" 

Submitted to Mol.Cryst.Liq.Cryst. for Publication. 

4. Y.B.Yang， T.Bang and A.Mochizuki and S.Kobayashi: 

"The smectic Layer Deformation in Electroclinic Effect" 

Submitted to Jpn. J. Appl. Phys. for Publication. 

-129-



Presentations 

1. Y.B. Yang， A.Mochizuki， T.Ban and S.Kobayashi: 

"The orientation fi1m dependence of the structure of SmJ¥ 

phase and e1ectroc1inic effect" 

Presented at FLC'91 Interna1. Conference 

(Co1orado University， Co1orado， USA) 

2. Y.B.Yang， N.Nakamura and S.Kobayash1: 

" The E1ectroc1inic Effect in SmC申 Phase"

Presented at the app1ied physics synposium '1990 

(Morioka Un1versity， Mor10ka， Japun) (1n Japanese) 

3. Y.B.Yang， T.Dang and S.Kobayash1: 

"The surface anchor 1ng dependence of the d1e1etric constant 

of ferroe1ectric 1iquid crysta1 showjng electroc1inic effcct" 

Presented at the industria1 chem1cs synposium'1991 

(IIokkaido University， Sapporo， Japan) (in Japanese) 

-130-




	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110
	0111
	0112
	0113
	0114
	0115
	0116
	0117
	0118
	0119
	0120
	0121
	0122
	0123
	0124
	0125
	0126
	0127
	0128
	0129
	0130
	0131
	0132
	0133
	0134
	0135
	0136
	0137
	0138
	0139

