
7.1 Xntrojuotion 

Bat aniaotropies i n  the d i e l e u m a  uomtant an8 the 

dleo.triaa1 oo~&uotivltg of na~~at ia  Zfqyld owstalr, &Ye rise 

t o  many in teres t ing sleatrohydrodyaa8lio phenoaacw. It was 

obeemed by East , aa ear ly  apl 1931, that t h e  noleoular alig* 

men* i n  p-a50~@0018 under a hi@ irocl\leaoj d s c t a c  f i e ld  

is different from t h a t  under a low iregumnay dleotriu f ie ld .  

%wetkoff and Mlkhai1o.r (1938) suggested that the anaa~slous 

alignment observed under the ascrtion of the low irequanay 

e l eo t r io  i i e l d  Plight be due t o  t h e  anieotropl An tbe eleotricsil 

aonduat id ly  of l i qu id  arystals. Qerr (1963) rod* a eyrrtematle 

study of the anomalous alignment i n  li qPld a q a t a l s  under low 

frequenay e leu t r la  iieldrs and ooncla~Beb that it la asaoaiated 

w l t h  their conductivity anisotropy. 

A pure namatia l iqu id  u rgs t a l  l e  a good e l e a t r i o a l  

insolator.  iiowev&p, ionio b p u r i t i e e  o m  be added t o  make i% 

aonduoting. Usually, the  aoI18uatlvity anisotropy of  su& dope4 

samples i e  posi t ive  (i.e., a,, ) a,, whwe a,, l e  the  aonduoti- 

p i t y  measured pa ra l l e l  t o  the  d i r ea t a r  an8 q tht measured 

i n  a perpendiuular direa%l;ion)x i t  is eas ier  f o r  the  ioas t o  

lnove along 3 rather than perpendicular t o  it. 



this gives r i s e  t o  the ancinalous aligznnent of the molecules 

(0- 1963). Baaed on these ideas, Balfrioh (1969) gave a 

theory fo r  the electrohydxodyndo ins tab i l i t i e s  produoed by 

a DC f ield.  

Let w consider a hamogeneously aligned sample of a 

nematio liquid crystal  subjected t o  an eleofrio f i d d  

(Hgure 7.1). B e  loual director i n  *he sample w i l l  not be 

exactly normal to  3 , but w i l l  be fluctuating about a *em 

direction, as ehown i n  an exaggerated form ;Ln figure 7.2. 

An a xeault of the  positive oonduotlvity axxisotropy of the 

medium, Space ohaxgea of opposite rrigns are fomed at the  

oseats and' troughs of the bend type iluctuatione. While the 

torques due t o  the dielectr io  anisotropy and e las t i c i ty  tend 

t o  e tab l l iae  the orientation of , the Oraasvexae electr ic  

f i e l d  due t o  the apace ohargea tends t o  ellstort it. A t  the  

same time tho space charges w i l l  be s e t  i n  nokion by +he applied 

e leo t r ic  f i e ld  3 . IPhis, i n  trim, will .  produce o @patial ly 

varyfng velocity f ield.  l!ha V ~ S Q O U ~  torque produo& by the 

velocity f i e l d  w i l l  tend t o  enhanae the distoxtion. A t  law 

oolt.agea, the s tabi l ls ing torques predominate. But, beyond a 

threshold voltage the  8eelabiUeing torques wUL have an upper 

harid and this resul ts  i n  the eleotrohydrodynamia instabi l i t ies .  

'Pheae are  the basic ideas of Helfrich'a theory. 

!this theory was extended to time-dependent phenamana by 

Duboia-Violette e t  al (1971). They wrote down the baaic 



The sandwich geometry with a hanogeneously 
allgned oryatal for obaervlng alectrohydro- 
dynamio inatabilitiea i n  samples with positive 
44 and negtatf ve AS. The el ectri 0 field i e 

applied along the a direction. The arrow 
ahwe the direation of obeervtion. 



F f O W  7.2 

Bend fluctuations in a attmple with negative at: and 
positive ~ c r  giving rise .-, t o  - space charges under the 
action o f  an electric field. 



equatione fo r  the  problem and discuneea the solutiom i n  a 

general way. We 13hU give a brief  description of this theory. 

If $ is the angle mde by the local  director with ref- 

rence t o  i ts  W i s t o r t e d  orientation and "f" a$/ ax i b  the 

bend ouroature, the daotpfng time !l? of the bend mode i n  the 

presence of the e l m t r i o  f i e l d  i e  given by (Duboie-Violette e t  LJ. 

1971, Durand 1976) 

where k i a  the bead elastic3 eonstant, k is the  wave vector of 33 
the inetabil i ty,  c,, and it, me fhe dieleatr io oonstante para l le l  

and pexpendioular t o  3 reepeotively, AS = e,, - a,, and ' 1 ~  
i s  the 'bend zlseoeity * coefflaieat . 

T!he time dependence of Y\ an8 q were derived for mall 

amplituae fluatuations by Dubois-Violette e t  al (1971). They 

have written three equations to  desoribe the balance o f  torque on 

the direator, tlLd balanoe of ahazgas and the hydrodynamic motion. 

After eSlozfaating velocity (Durand, 1976) two ooupled equations 

i n  y and q ase obtained 

h + t  r r Y " s  = 0 (7.2b) 

3 4% Ql, where s l a  the dieleetr io relaxation time along 3 -  (: = - = 11 
1, 



Q is a coefficient of viscosity (Q > 0) and 

The two coupled first order differential  equationtr 

describe the Oime evolution of the apace rrhege and ou~ature 

fo r  any applied electr ic  field. 

'Phe equation (7 .a )  aslled the charge equation contains 
a, =, 

a source term. This term ranishes i f  - - . For the 
a11 8 1, 

materials w i t h  posi t ive  conductirft y anisotropy and negative 

dielectr ic  anieotropy, the source term has a poeitfve value. 

f!he equation (7.2a) called the aunature  equation also 

contains a source term. Phis sourae term arisee f r a a  two 

effeate - (a) the induced space charges are  dragged along the 

f i e l d  producing a ahear flow, and (b) the arafueil f i e ld  which 

is  the resultant of the applied f ield and the f i e l d  due t o  

space charges is t i l t e d  w i t h  respect t o  the applied f i e l d .  

Both these a re  destabillsing efieata. 

The IX: threshold voltage is obtained by putting yhm h = 0. 

%en equations (7.2a) and (7.2b) reduae t o  

and 

Solving these equations, the thxeahold value is obtained 



2 2 
where 3 = - . is called the Helfrich gain para- 

meter. 
r)r 

HeZfrich (1969) has pointed out that due t o  geometrical 
A oonstraints, the wave vector k takes an optimum value -ij . 

X Substituting k = 2,  we get , 

This is the expression fo r  the DC voltage threshold of electro- 

hydrodynamic ilurtabilities. 

Fran this equation i t  i e  evident that  the ins tab i l i t i e s  
2 

can O C C U ~  only i r  7 > I. 

In terms o f  principal d ie lec t r ic  constants and conducti- 

v i t i e s  the Helfrich parameter can be written as  

L 
It i e  clear irom this expression that  3 depend8 only on r a t i o s  

of the prinoipal die lectr ic  constants an8 conductivities and not 

on the i r  absolute values. 

I n  the ease of AC electr io  f ie lds ,  at low fiequenciee 



t he  spaoe crharrges have suf'fiaient time t o  relax t o  the 

equilibrium eero W u e  and t o  build up w i t h  the oppoerite sign 

sre the e lectr ic  f i e l d  is  reversed, the aumature remaining 

unohanged. I n  such a case, the deetabiliging torques also 

remain unahanged and a quasi-atatia dtstort ion oan be amplified. 

Thle is  udlled the conduction regime, beuauee it i e  aharacterieed 

by spaae oharge oscil lat ions i n  t h e .  A t  high irequenaies, on 

the other hand, the  space charge h a m  no %lane t o  relarr. I n  such 

a owe, the ina tabi l i ty  ocours due t o  %he rapid ahanflee i n  the 

s ign of the bend ournature sy , whluh osroFZlatea with the frequenuy 

of the  applied voltage. !&is uoxreeponda t o  the tdlelectrfo 

regime' of electrohydrodynamlc instsbi l l t iee .  Thus, i n  the 

conduction regime q osci l la tes  and Y is a ta t i c  where- i n  the 

dielectr io  regime Y oscil latee and q is atatlo. 

Under low frequenay 6[3 electr ia  f ie ld ,  i.e., i n  the 

conduatlon regime, solving equations (7.2a) and (7.2b), one 

ge ts  an expression fo r  %he threshold fieldn 

where w i s  the frequency of the applled fiald. 

We find a voltage threshold eince k - s/d and henae 



When the periodicity of the distortions along the 

x-direction i e  ocmrparabla to  the sauple thickness, the distor- 

t ion cannot be real ly  regarded as pure bend. I n  addition t o  

the bend, i t  ha8 a non-negligible splay component due to the 

rariat ion of yl. ia the s-direcrtion. Smith e t  dl (1975) have 

shown that i n  euoh a osse the effect  of  play distortion can 

be taken in to  aooount by a renormalisation of the e l a ~ t i o  

constant 

Duranb (1976) ha8 suggested tha t  an eleotrohydrodynamio 

phenomenon afmllar t o  the one observed i n  nematic l i q u i d  

crystals of positive A# and negative A& is, i n  principle, 

possible i n  materials having the reverse charaoteristics, 

r i s . ,  negative nu and poeitive A& . However, i n  the latter 

ease the ins tabi l i ty  i e  axpeoted t o  appear as a splay mode a8 

indioated i n  figure 7.3 (in a hcaneotropically aligned sample) 

rather than a6 a bend mode, 

An approximate de scrip tion of the eleutrohydrodyaamict 

ins tab i l i t i e s  that appear i n  materials w i t h  negative M and 

positive A r  i m  obtained by writing kl l  instead o r  k sfad 
33 

Interchanging 11 ard I i n  the indices of r and a f n  equatfonn 

7.3 and 7.4. !lhen, we get, 



Splay f l uc tu  t i o n s  i n  a  sample with pos i t ive  

and negative '., a giving r i s e  t o  space charges under 

t he  act ion o f  an e l e c t r i c  f i e l d .  



661 i n  the oase of materials with positive nu and 

negative AC, the distortion is a combination of @lay and 

bend i n  the preaent oase a1eo. To account f o r  the oarnpler 

diator%ion, the eUrrtia oonstant has t o  be renomaliead as 

f ollowa 

where ehe external electric f i e l d  is assumed to he acting along 

the z-axis. 

We have seen I n  ohapter V that  EOAB exhibits nemrrtio and 

~mect io C mseophases. The aonduativity anisotropy of HOAB i s  

negative i n  the ameotia 0 phase and it remains t o  be s o  aver a 

small t anperature range above the smectic-nematic transit ion 

point (Romleles 1972). The aielcctr io  anfsotropy of  RaaB ia 

negative. On the other hand, l i q u i d  crystals haxLng ayano end 

groups have large positive dielectrio anieotropiee, but very 

s m a l l  oonduotivity ~ ~ o t r o p i e s  (Miroea-Ruussel e t  al 1975). 

Wen 811th cyano aompounds are added t o  HOAE, the binary mixturen 

show induoed meotio ~itesalsorphism (see, ohapter V). i t  i a  

expeated that at tamparaturea immediately above the smectiu- 

nematic trtlnsition point of some of these mixtures, w i l l  

be negative and nt w i l l  be pOSiti~0. I n  the fol loanpg,  we 

describe the eleetrohydrodynmic flow pattarns seen i n  e w h  

mix~ures. 



7.2 Erperimental 

!the ample  holder. B e  ~ernple hold= (Ugrtre 7-1p) is 

a ayl indr icnl  blook of cogper con*ainillg a reetangulru: e l o t  

i n  one of its f l a t  faces. !the sample o e l l  cansi8t;ixtg of Inm 

transparent, aonducldng glass p la tes  CI arparatsd by aylar apaoarrr 

Ib i e  plaoed i n  th is  alot.  This is held la posi t ion by mean6 of 

another oyl indrical  copper blook whioh 0- bm f h 8 d  t o  the  first 

one with the help of sorewbl. !the eleatrfrt& contaot t o  the  

rleatrodee is provided by two atainZeee steel sorewe A w h i c h  

are properly insulated from the copper blocrfcs. !Ehe t i p  of one 

o f  the @crews presses d3xeot;ly a g a i m t  the  ao1duaUng &Be of 

one sf the &lase plates .  %!he t i p  of the other oarew makes 

elecacloal conterot with the oonductlng swfaoe  o f  the other 

gXaes p la t e  through a aopper p l a t e  E (-oh Xa flt.ula$Bd *om 

the cmppex blochs) and a button D of a o n d u c ~ n g  rubber. Optloal 

o b e ~ m a t i o n s  were made Zhrough a hole (-'7O nn i n  diameter) 

present  along She axis of tbtl ample  holdar. ihe sample holder 

&a plaeed inside a sui table  oven. 

lenrpera-e oonfrol ant meamanent. !&e wen w a s  

he@rt;ed w i n g  d i r ec t  aurrent from a s tabi l laed power aupply. 

Before W i u g  m y  observation or marururc.aen$ suf i io f  ent  timo 

( 30 rain.) was allowed ao thaf the sample attained a etaady 

tempsrature. !i!he tuaperature was rneasclrced using a cal ibrated 

ohramel-alumel thermoaouple and a multi-ete~ (m X d e l  

1005). 
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FIGURB 7.4 

(a) Suhematiu diagram of the sample holder  used i n  
the s tudy o f  eleotrohydrodynamiu i l w t a b i l i t i e a .  

(b) !I!he liquid oqystal  cell i n  the sandwich geometry 
w i t h  a homeotropioaUy aligned sample. 



Stample prepara%loa l!he e l e c t r ~ o @ W a  phenomena 

ware atuU& i n  t b e u  aixturas, ria., (a) a m%xhm of RQAB 

esd 743 (nolax ratio -85 t 15)t (b) a m%x-e & HOPB snd 

10 WaPC (molar xaMo e 90 a 10)s and (a) a rfxkars of EDAB 

and 2 (auolm raao 94 t 6). UJ, theme m l x e e s  -bit 

We phenomenon of induaed amecrtio aeeoaorphlam. 

%he experiment6 w a r e  performed odng $he aanrenff 

sandwioh geometry (1Biwe 7.4b). fEbe tkLoknees o f  cd.1 

wae  i n  the w e  12 to 25 &. 

Eaneotro?ia ~ ~ e n t  of the 8-16 w a s  r o h i m d  by 

freaking the glass pla-tiee odth *caw1 MBP~~II~YI a ~ o n i u ~ ~  bropride 

{OTAB). ¶!he ample warr injected i n  Zhe -Pie pherre i n t o  the 

upaoo, between the %Use platee ursiz;g a aapllhsry We. 

B e  A0 voltage was supplied by an R,Q. a6aXlXator (Orion 

type 11??I/$) and was measured using an A0 niaxwoltmetex 

(Syatronias type 41 1). 2he electrohydrodymmj,a Lnatohility 

patterns were observed i n  &odium lighf through a polarising 

mlorosoope. pa%terus were photographed wing am aleotronia 

7.4 Obaemations - 
We ahall derscrzbe the pa%terna ab~erved i n  0 typical. 

sample of thickness -v 20 y. WQ ampla vale coo3.d t o  the 

required temperabra frm %he isotropio phaee. A t  tslupar'aturee 



s l ight ly  lower then the nematic-isotropic tranait ion point 

no ins tabi l i ty  patterns were seen even a t  voltages as  high 

as  250 V. The ins tabi l i ty  patterns were eeen only below a 

cer ta in  temperature in the aematio phase and could be seen 

r ight  down to  the  Blll t ransit ion point. 

A t  any temperature i n  this range, as the applied voltage 

i s  slowly inoreaeed, the ins tab i l i ty  patterm be&.= to appear 

at a threshold voltage. To begin w i t h ,  the  pattern i s  i n  the 

form of a few crosses (figure 7.5a). A t  the threshold we could 

see odd-ahaped dust par t ic les  executing circular  motion i n  both 

olookwise and anticlocksrise directions. A t  a voltage s l ight ly  

above the threshold, the whole f i e l d  of view is  eeen to  be 

covered by i m t a b i U t i e s  and s finger pr in t  texture is  obtained 

(19igure 7.5b). I n  thts pattern, the cireular  symmetry oould 

be seen clearly around a few points. Aa the  voltage is further 

increased, a orone-hatohed pattern is seen (Figure 7.50). A t  

high frequenoies ( > 6000 Be), a honeycomb-like texture (figure 

7.56) is  seen at voltages of the order of 100 V. Above roughly 

twice the threshold voltage, rigorous movement of the  f lu id  

accompanied by dynemio scattaring is observe&. A t  low frequencies, 

the spa t ia l  periodicity of the pattern is found t o  be comparable, 

t o  the sample thickness. I n  some oases, it is  found t o  be 

somewhat hlgher than the sample thickness. 88 the frequenay 

is increased, this periodioity i s  found t o  decrease gradually. 

!be frequencry dependence of the  threshold voltage is  shown 



IFlccttM,hparoBymmio p.tt.rsrr in r ritOon, of XOAB 
ana2(PII(XP(IC~orolxmnPioe9rR) 4btwae&polam 
(x 1003 

(d) at dUUO tlr rrd 110 V. Quo%) 





i n  figure 7.6. The curves obtained here resemble the curves 

got i n  the conduction regime of  nematic8 hadng negative at 

and poeitive act. Probably at high enough frepuenoies one may 

get the c o u n t e ~ a r t  or the dielectric reg5m8. But we could not 

apply high frequency s leotr ic  f i e l d s  due t o  the no-availability 

of suitable voltage sources. 

I n  figure 7.7, the temperature dependarce of the ahnlsh018 

voltage is  shown. As the temperature is insreaee8 from the 

emectio-nematio transition point, the threshold voltage decrewea, 

a t ta ins  almost a f l a t  minimum and thereafter inoreasee. &bow$ 

a oertaln temperature so ins tabi l i ty  was observed even a t  the 

highest available voltage (250 V). 

A s  mentioned i n  ahapter V, H O D  shows ermeotia O and 

nematic mesophases. Rondeles (1972) measured the  eleotrical 

conductivity of HOAB i n  both these phases. X i *  obearred that  

the conductivity anisotxopy of H W  is negative I n  the Prrneotio O 

phase and depending on the aopant and its aoncentration, it 

remains negative over a fa i r ly  large temperature range above 

the ameotia-nematic transition poia*. cZose t o  the NX transition 

point  nu became8 positive. m e  dielactrio aniaotropy of  H O B  

is negative throughout the nematio phase. !he samples used by 

us are binary mixtureo of HOlls and s m a l l  guaatitiea of cyano 

oompounds l ike  7aB, f O  QblCPO or 2 WGPC which have large 



FREQUENCY IN HERTZ 

Frequency clependenoe of the threshold voltage of olectro- 
hydrodynamio instabil it ies at three different temperatures* 
The sample used was the same as that described i n  figure 7.5. 



TEMPERATURE (OC ) 

Tempeqture dependence o f  threshold voltage6 of electro- 
hydrodynamic ins tab i l i t i e s  at three different freguencies.. 
!Che srunple used was the s m e  as that described i n  f i g .  7.5. 



positive AS ( B a a  and Shaehidhar 1977). We have observed that 

i n  these mixtures, trkzk a t  temperatures close t o  the NI tZansiti0n 

point (where no eleotrohydrody&o ins tab i l i t i e s  were seen) 

the hotneotropio alignment improved on applying the eleotrio 

field. !#is confirms that the dielectr io  anisotropy of the 

medium is posffire. 

Before dieowsing a possible explanation fo r  the patterns 

observed by UL), we WIU redew some ea r l i e r  observations made 

by other@ . 
Qoscianski and Leger (1975) have oblserved nome eleokco- 

hydrodynamia patterns above the emectic-nematlo transit ion point 

of 4 , 4 1 - d i - o c t y l o q a a ~ b e ~ o . e ,  a higher hmnologue of KOBB. 

For octyloxyaaoxybenrtene both A u iand as are negative i n  

the nematic phase. Ooecianski and Legex have reported that 

for  this oompound the threshold voltage is Ugh near the n%matio- 

smectio t r ami t i on  point and aa the temperature i s  increased, 

the threehold rqltage deoreesee monotonically. ?!hey have aono2;u- 

ded that  close t o  the nematic mect io  transit ion point the  
2 

Helfrich paramefex 5 C 1 and have attributed the i m t a b i l i t i e 6  

seen i n  this range t o  twist fluctuations i n  the sample. 

Blinor e t  al (1979) have also made studies on the 

ins tab i l i ty  patter= observed i n  some pure compounds and mixtures 

above the B1A kranaition paints. They have studied  system^ having 

negative 4a and negative na aa w e l l  aa fhoee having negative 



no and positive ne. I n  homogeneowly aU@ad samples 

of the fonner type they observed pattern8 whoee threshold 

voltage deoreaed monotonically aa the temperature w a 8  increase&. 

!They observed an essentially similar type of threshold voltage 

variation i n  homeotropically aligned samples whiah had negat i r e  

nu and positive /IC . !Chey have oonaluded that  these patterns 

were due t o  eleatroconveotive processes (see aleo, Bibotta and 

Durand 1979) taking plactfn i n  the sample, w h l a h  a h  essentially 

independent of the sign o f  n e  . 
However, our observations on the eleatrohydrodynamic 

patternn oan only be explained on the baais of Car??-Helfrich 

mechanism. Aocording t o  t h i s  theory, the epluarts of the threshold 

voltage i s  proportional to 1 

- E 2 - 1 '  
Z 

I n  the present case, where &a is ~egat iV% ecnd nc is  

poeitiva, the Helfrioh parameter i a  cbtalned by interchanging 

e,, and E, and also a,, and a, i n  equation (7.5). men, we get, 

2 2 
3 P -- ell 

f(tl)(--- - -1 - RE t2 I, =I a, 

where f (q)  i s  a function of the  visaoeity coefficients. 

2 
!Ehe Uarr-Ifelfrich mechanism is operative only i f  3 , 1. 

88 the temperahre i s  raised, the value of .ol,/uL increase8 
2 

(~ondelez,  1972) and oonsequently the value o f  decreases 

approaching the value one. This explains the inareasing trend 



$n the value of the threshdd voltage with r i s ing  temperature 
2 

i n  figure 7.7. Onoe becarnee s m a ' l l e r  t h a  one the Oarr- 

flelfrioh mechaniaa becranes inoperative and no instabi l i ty  

patternu oan be aeen. On the o t h e r  hand, when we approach the 

neatlo-smeotia traneition point the bend elast ic  constant and 

same of the Tiacoeity ooef f io ia te  increase rapidly remalting 

i n  an inareme i n  the threehold voltage [see equations (7.6) 

and (7.9)3. m a  explains the variation o f  tbeshold voltage 

with temperature i n  the  vicixllty o f  the nematic-anectlo transit ion 

p ~ i n t  i i n  f igure 7-7r 

We may also note that  (1) the apatial periodicity of the  

patterns observed at l s w  fiequancies Is comparable t o  the sample 

thickness and (2) ilyaamio scattering waa observed i n  the samples 

at voltages above roughly twice the threshold voltage. 'Phese 

obaervationa a re  compatible with the ~ I I e l f r i c h  mechanim 

of e l e c t r o h y d r o d ~ l e  lnstabil i t iea.  

Ue conclude t h f ~  ahaptex by pointing out that  Bock 0% a1 

(1978) have indicated the observation of dynamic soattering i n  

nwatics  having negative AU and poaitive DE i n  t he i r  paper 

deal ing with induosd emaectic mescmorphfm. 
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!Em 611ECTBO-OPTIC CHARACI!SUS!L'ICS OF A BBWEIC =@ID 
ORPS!2Ali CELL WfTA ASMMEPRICAL5Y PREMED E%6a!CRODl%3 

8.1 Introduction 

The phenomenon of e l  ectrohydrodynamia (IPJID) ins tabi l i-  

t i e s  i n  nematic l i q u i d  crystals  having negative LC has been 

studied extensively and i a  w e l l  understood theoretically, as 

pointed out i n  chapter VII. On the other h a ,  t he  obsexva- 

tions of HID intltabilit iea i n  l iquid orystals of strong positlve 

n c  ( > 2) a re  re la t ively few. I n  chapter YII, we deecribed 

the EiD pa%terns seen i n  nematioa hsving small positive oc 

and negative nu. I n  t h l ~  chapter, we aescribe an interest ing 

eleatrooptic effect  observed i n  R@Uati~Ei haring large positive 

n e  and mall positive ao . ' 

&semann (1976) and Barnik e t  a1  (1976, 1977) have 

observed mD flow pat term i n  nematias having large positive 

A&. Depending upon the oonductivity of the ample, the applied 

voltage and i t s  frequency el ther a fingerprinf texture or a 
h 

epermlite-like pattern w a ~  observed i n  these casee. BarnXk 

e t  a 1  (1976, 1977) have found only f ie ld  thresholds f o r  the 

i n s t ab i l i t i e s  observed i n  nematias having 0 < AE ( 3. I n  

these cases, they have observed the BID R o w  even i n  the 

isotropic  phase. On the basis of these observatione, they have 



Concluded that  tihe imtab i l i t i e s  are electro-convective i n  

nature and do not depend on the dieleatrio anisotropy. 

Acoardiw t o  them the d s o f r o p y  of the medium i s  useful odLy 

i n  the  rimoJ.fsatian of the phemolnenon rather than i n  caueing it. 

Shey have made sbilsr obnorvation i n  suitably doped samples of 

H - p - 4 ~ e t h o ~ b e n ~ y l i d ~ ~ b u t y l a a t l i n e  (MBBA) haviqg negative As. 

Recently, RlbotOa snd Ikrslui (1979) have studied EED 

imetabilitle8 i n  MBBA a t  ixeguenoies above the oharge relaxation 

frequency. Bey have obsbl"red two dis t inot  type8 of inatabi- 

Utiem. An eleatro-oonveative ifnetability having uellular flowa 

with diaensioru oomparable t o  the sample thiclnem occurs a t  a 

relatively low Chreshold. A t  a higher threehold, dieleotric 

etr ipes whioh r e d $  fiaa the aaxr-Hdlfrich EHD ins tabi l i ty  

mechanism (mols-VioleCte a t  al 1971) and having much shorter 

wavelengths a0mppred t o  ample thickness are obaarved. !Phe 

threshold of the conveotive ins tabi l i ty  deareases with tempe- 

rature monotonically and %he inatabi l i ty  aould be observed even 

i n  the isotropio pha8e. On the other hand, the threshold f o r  

dieleotr ic  etxipes inamasen sharply as the BI t ransi t ion 

point i a  approalDbsd aad these s t r ipes  do not appear i n  the 

isotropic phase. %heme obsllrrrtione ahow that the meohaniams 

f o r  the two type8 si i n e t a b u t l e e  are quite different. 

Ilo have obsured BSHI1 $n5tablUties i n  .Q*-rz-alkyl-+gano- 

b iphq l s r  w h i a h  have Ae .s 7- hr iher ,  we have found a polarity- 

dependent eleatreoptlo effeot i n  liquid orystal oella oontain~ng 



these  materials and having as@nmetriaally t reated eleotrodes. 

SusemaM (1978a) ha8 made a detatled study of the  rec t i-  

f i c a t i o n  act ion i n  l iqu id  crystal oe l le  similar t o  the  one wed  

by us. He hae suggeeteb a poaaible meohanism f o r  this rect l -  

ficsation action. We w l l l  discuse this  i n  a l a t e r  sec t ion and 

use i t  t o  explain t h e  eleatrooptic  effeot  obearved by us. 

8.2 Experiment83 

m e  experiments were done using the  sandwioh geometry 

(see f igure  7.9) i n  whioh the  Liquid a rys ta l  ie aontained 

between two tin mide  aoated glass  p l a t e s  aeparatad by mylar 

spacers. !be oven and sample holder described i n  chapter VII 

were used. The thickness of the e e l 1  was usually i n  t h e  range 

10-25 w .  I'he conducting surfaces ooming i n t o  crontaot w i t h  t h e  

l iqu id  crys ta l  were sub jected t o  p r i o r  treatment so as t o  get  

homogeneous alignment of the  sample. Usually one of the 

eluctrodea was coated with S i O  ( s i l i aon  monoxide) at an oblique 

angle of 55-65' wieh roopuct t o  the  normal. llhe thickneee of 
0 

the  coating was abouC 300-500 A. X n m a n y  studlea the other 

electrode waa mbbed unidireotioaally with a f i l ter  paper. 

2he resu;Cidt;ing c e l l  i s  similar t o  the one used by Swmaus 

(1 978a) i n  his experiraeaLs. Instead of rubbing, we a l so  t r i e d  

t o  coat the second electrode with d i f ferent  materials. We 

found that  N 0 (aluminium oxide) i s  a w e N  ooating material  
2 3 

t o  get good ellignmsnt and reproducible reeults. 



m e  compounds used i n  our experiments were 4'-n-pentyl- 

4-cyanobiphenyl (5CB), 4'-n-hept yl-4-cyanobiphenyl (7CB) and 

E 7 ,  a mixture of cyanobipheayls and cyanoterphenyls marketed 

by BRK. The observations were similar i n  a l l  t h e  oases. 

lZle opt ioal  obsertatione w e r e  made through a polarleing 

microscape u d n g  sodium lamp ae the source of light. !The 

pa t t e rm obrrarred were photographed u a n g  a f l a sh  l i gh t .  2he 

experiments were performed using both DC and A0 e l e c t r i  c f ie lds .  

9!he electrooptic reeponae wan recordea using a RRD 810 photo- 

transistor of Motorola Oompany. Xn the  DU studies the  eignal 

w a s  amplified wing a Keithley laLcrovoltmeter ( ~ o d e l  155) and 

the  ourrent through the  sample wae measured using an electro-  

meter (Keithley Boael 610C). Both the  current and the  electro- 

opt ia  response w e r e  reoorded on a 3-pen recoraer ( ~ k a d s n k i  

e l  - 1 )  I n  the  AC s tudies a RelSum-Bleon laser w a s  ue& 

as the  source of l i gh t .  lZle output of the phototransistor wae 

amplified using a Burr-Brown amplifier (Model 3640) and w a s  

displayed on .tihe screen af a storage oscilloscope (EGIS Hodel 

OS768S). 

The sample area w a s  about 1 eq.om. and the  typical  sample 

res is tance  w a s  about a few megohmo. 

80 3 O ~ S W V ~ ~ ~ O X I U  

DC stuCies, We w i l E  firrre consider the  obssrvntiona made 

with a a e l l  having one of the eleotrodes coated with S i O  and t h e  



other one rubbed. The liquid cryatel  e ~ p l s s  already contained 

some m o w n  oonducting i m p u r i t i ~ .  !!!he resirstivi t i e s  of the 
9 samples were i n  the  ranee of 10 - 10'~ o h  cm. Stacting with 

the homogeneouslg aligned sample, #I the DO voltage wara increased, 

the i n i t i a l  dfroctor pattern was &l.storted (Breederlckanr transi- 

tion) a t  about 1-2 volta. Ehe BID ins tab i l i ty  pat term started 

t o  appear a t  about 5 volts. (l'his voltage wasr found t o  pary 

with the thickness and conductivity of  the  sample.) Since the 

threshold i m  a f i e ld  threshold, f o r  t h i n  eamplee (thickness d 6  p) 

the ins tab i l i ty  patterrut could be seen even a t  2 volts. lZle 

pattarn was usually i n  the form of amall bubblee, but sometime8 

the fingerprint texture was a lso seen. !&a bubbles which looked 

l i k e  m l t e s e  crosses between orosead polars were craused by a 

aircular  f lu id  motion in a plane perpendicular t o  the disection 

of observation. The EHD motion w a s  dlet inctly more vigorous 

when the Si.0 coated electrode was positive than when it was 

negative. 88 was observed by Suamn- (1978a) there w a ~  an 

asymmetry i n  the DC current also. The crurrent was samewhat 

higher when tho  Si0 coated surface w a e  positive than when it 

w a s  negative. However, we must mention tha t  the asymmetry i n  

the currant (or rectif ication) was not a8 high aS that  reported 

by Sussmann i n  his syaten whioh used a SchifS-base foxmulation 

and indium mide coated electrodes. Also we have not t r ied  to 

normali~e the current meaauremcnts wfth reference t o  the in-phase 

value, a s  was done by htm. ma difference i n  the eleatrooptic 



response w a s  very evident when the c e l l  w a s  placed between 

arossad ~ o l a ~ s .  Under the aation of an electric f i e l d  larger - 
most ai 

than the Preedartok.~ threehold,,the moleaules of the ample 
L 

w i l l  align perpendlaular t o  the glsetr plates i f  there 18 no 

EHD tnstabil i ty.  %hen trhe r~fstana oomprieing of the eel1 plated 

between croeeed polariears w i l l  not tr-it any light. The 

pxeeeme of ionicr iu~puritiea gives r i s e  t o  EHD motion fn the 

aaaple. !&la mo*ion 8istwbr the aligment of the molecules 

seau3,tilop; i n  the tr&ealon of ooneiderable mount of liglt 

through the ayatua. In tho pZesent oase, where the  aarmple -a 

high posf t i v e  A s and mall poaitive no, the motion &riaem 

due t o  ingeotion af ohargerr a t  the boundaries ($ePioi 1969) or 

due t o  eleako-oopveatlve prooeases @ar&k e* a3 1576). WI~U 

the a 0  ooated .leatrode %a at a positive potential, the EBP 

motion is  mare rigoroue cudl aonsequently the f ie ld  of view 

appears bright (figure 8,la). On %he other hand, when a0 

coated electrode i o  a* negative gatential  the EffD motion is l ees  

and the f ie ld  of  view ramaLas m a r  or lee3 eroased a* (figure 8. lb), 

%!his waa croxtfirmed by oboewing the seattaring of a 

likeex beam by the sample. W a d e r  proper oarattione, w i t h  St0 

aoatea electrode poalUve there wm a strong sotlltctring of light 

due t o  the vfgorour ZED notion i n  the mwdlum. Wucther, $he 

apherulite W e  f l o w  pottarn a v o  rise to a aoatteriqg; i n  the 

form of a ring (figure 8.2). IEhe r ing diameter aorrespontie t o  

the spherulite e i s e  being almost eqaal t o  the thickness of the 

ample. When the voltage waa revertzed the eoattez- of Ugbt Wee 

negligible as there varr ao aotioeable BXD ro t i o r  ia the medium, 



PhotojDiarographs 0% the sleotxohydMldynamia 
pa$tanrs eeen in a oall  aont;&nLng Zt wuler W 
exoitation, Clrossed polarm (x 200) V~ltage 
applied = 30 V. 

%!he Ufrao t ion  pa%tern obs81.7ad when a lases 

beam l a  soafterad by the cell with the SiQ 

electOrodt, at a positive potentid. 





me aontraat i n  the eleatrooptio rssgonrre and the 

ourrent asymmetry ware studied ae a fwlotion of the applied 

DQ voltage. 'Ilhe method was t o  r e m a r  the paLarity usiIle; a 

IPDZ switch. !the aurrent umally had a bmri~~lant rsrqponse 

wUoh deoayed i n  a few seconds Co a rt%ady value. !the eleotro- 

optio responsle had a more aoarpUcsert.d bebvlwr .  Xn some 

samples, m e d i a t e l y  O e r  the f i e ld  wae rereraed (to rake the 

&tO aoated oleatrode pmitive) t h e  opaaaf, h'anslaiesfon 

aohffiuient inoreased t o  a high r a l~e*  8*sr Or= of eeoonds 

f t  reduoed t o  a steady value (figare (1.3). tn m e  other oases, 

*he iaoreascr was not mo high, but i n  aourss af U a s  the intenof* 

gradually attained a steady T&Lu* as Jlrrm Ln Cigar6 8.4. %he 

optiad. oontrsst between the pos3tive and sagafive voltages 

tnareaaed i n i t i a l l y  as the v o l t q e  fnorasurd aa8 an optzmua 

contrast was obtained a% about 15-20 rolt (far aauple thiokness 

in tha rsnge 15-20 p) .  Pox very dl0 )t) ~ m p l e s  the 

~ u a t i m u l i l  aontrerst was obtained a'k Q O P I I ~ ~ C E ~ ~ & V ~ & ~  l o w  roltagas ( 44  V). 

4 further inoreaae i n  voltage mually r @ d ~ ~ . d  the 

tranerettted intensity f o r  b&h the ui(prs of the applied voltage 

and lowcvred the contraat. The owcent Anoxewe& wia the 

voltage fo r  both d&ns of the cagpUed roXtttsrgi~. However, the 

current asymmetry usually daoraaeed w i t h  inrrrease ln applied 

voltage. It! the sample i s  kept under high rol-e (-42 V) for  

a long t h e ,  the S i O  ooated nusfsue get@ &amaged and a~rmequently 

the a l i m e n t  of the sample deteriorates. 



TIME IN SECONDS 

Electrooptic response (continuous l i n e )  i n  a  c e l l  having 
one electrode coated with SiO and the other one rubbed. 
The dashed l i n e  represents the  current. The pos i t ive  and 
negative sigllls a t  t he  bottom o f  the  f igure  s tand f o r  t h e  
DC p o l a r i t y  t o  which t h e  SiO coated electrode has been \ 

switched. Thickness of the  c e l l  N 15 p. Voltage applied 
i s  40 V. 



h e  electrooptic response i n  another a e l l  with S O -  
coated and Al 0 coated electrodee and aontaining 

2 3 
E7. 

Applied voltage i a  15 V (other details as i n  
figure 8 .3 ) .  
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A0 studies. Host of the seudiea under A0 electric 

f ie ld  were &one at 20 HIP since Me responae wao good a% tha t  

frequency. de the irequonay was increae d the threshold 
eee oliio 

f ie ld for  EHD inatabil i ty increased (BarxU e t  a1  1976) and 

the mar imMa aentsaet tha% aould be obtained decreased. Howevcrc 

we could observe a mall aagmmetry i n  the electrooptic response 

Ueunlly, the bels.1; reaporno was obtained when the cell 

w m  viewed between orosriled pol.ari8er1.8, s e t  a t  45' t o  the nndlstor- 

tad director, Figures 8.5s a d  8.!5blt i l lue t ra te  the roapome 

observed w i t h  20 Bs. 8quare wave excitation normally gave a 

somewhat poorer response (Hgurea 8.50 and 8.5d). Umal l .g t  

the electrooptic response v d e d  with time, both in A0 and DCI 

caeee. However, the AQ reepcnee atabilieed af ter  sane time aa8 

then did not vary even after operating the oe l l  f o r  several 

hours. m e  response of  the eel1 w a s  found t o  be repeatable 

even af ter  a 1apae of oao or two clays a f t e r  collprtruction. 

!The maximum oontrarit r a t i o s  that caul& be obtained were 

Is8 i n  the aacle of DQ exaltation and 184 i n  the case of A0 

excitation, where we haw deiined the contrast r a t io  aa the  

r a t l o  of %he peak resposlsera In the t w o  haJvea o f  the A0 voltage 

cycle. Prabably a more appropriate measure of the contxaat 

would be tha ra t io  of the integrated intensit lea i n  the two 

halves (i.e., the r a t i o  of the areare under the response ausvea). 

!he  maximum oonfrast i 8  alm08t the 8 a ~ m  a6 given above, even 



.Xes%mie 00aiCsd dth SSO rrPd tho! ot2r*lc one rubbed) 





when the aaleulatiomr a r e  done Sbis vsy. 

991. :dLeotro,optio e i f eo t  w a s  a l s o  lod ied .  tbf ng eleatrodes 
. . .  

t rea ted  i n  other  ways, t o r  exanpie. wing a a 3 1  ~. 'having on. 

eleatrod.?, (ro+ted obliquely w i t h .  &,0 . . ,end . . .  . . . . . . .  the .&'&k.'oge .... o o a t ~ d  ... . 
. . . . . . . . .  . . . . . . . .  - _ 

I , <. .: . . . .  < , d > ,  . ,& 'fd :-*t .aII. 0 o b l i q i w  . . . . . .  with ti- .. - oth-.. . ~ ~~at,+i$l, ... . , .  ~ ~ .. . . . . .  ,, ~ .. 2 9 
a Wsfwl .  ooa>ing sra%@sl. Wh-,'gl&s . . . . . .  &tos . @oatad with 

,.~. .: : . . . . . . . .  . . 

~ 1 ~ 0 ~  . t a n  obliqae of 55*+*:@r ,, .<,;, i u d i q t h e  ~. . . . . . . . .  - ,  .. o&l. pod 
. . . . .  . . . . . .  . . 

alignerant.ai. the samgltg l- was &taj6nsii. k e .  aleatii.optio .. . . . .  asymmetry 
. . " ~ . .- . ., . . . .  

oi a a e u  with o w  .reohode .oefe& . . . .  +th k i i i : ~ a n i  the  other 
. . . . . . . . .  

one Hibbed w a 8  verlp emal l .  But d sall haiiqg one elsotrode 
. . ...... :. 

, , :  ............... 

ooated w i t h  SiO and the 0 t h ~ ~  oab ooitad W$h. .:.: h-#"b .. 3 3 gave 'a,. 
.... 

f a i r l y  go& eleotrooptio sreymntefrg. ..;J!he xcrprba&ib$l+tp of 
. . . . , ~ .  . . . .  . . .  . . . .  

the  eleotrooptio respolllre of euoh a wG bat tag  o 
. . . . . .  . . ~  

. . 

t o  .me S . 0  ooated and rubbed syeten. ~ o ~ f e * ,  ... , tb* . . . . .  tr 
. . .  . . .  . . eystaat 

l n t ~ n e i t y  f a  *he former was somewhet . . . .  %&a agp&e& t o  thaii i n  L . . 

t h e  latter. 

%en when the  two eleortrodee same 

material, a small sleatrooptio as en the 

thiokneels air the ooatings were different f o r  %ha cdleotrodee. 

8*4 Xeouesion 

Based on detailed observati one on the  r ea t i f i aa t ion  aut ion 

of o e l l s  with one eleotrode coated with Si0 am3 the other  one 

rubbed, Sussmann (1978a) has oonoludd that t&e negative ions  

a r e  electroeorbed more effect ively at the posi t ive electrode than 



the p o ~ i t i v e  %om Prt the neaatlvcr eleatroae. (~resumably, 

this afsss due t o  $he different raters of eleatrode reaotione 

fox %he pael t i re  and negative $one.) Benee the ouszent i n  

the Uquid  rrxyatal sample i e  c r e e d  mainly by positive lone. 

When tha $LO aonted &eak?ode ia gosf tire the N1 area o f  the 

uaaoetad elsa'tr00l is available f o r  %he Row of oUrxent. On 

the okhw ha&, whaa Uae S O  @@ate& eLe@%xode i s  negative, 

t h  poraPtive Low '60s' aiieatively a reduce& area of ths 

electrode and oorreapoadiwlg a s  P ~ L ~ B U Z O ~  OurrelZO A8 leaa. 

!this gives an axpXanafir*: far the r@o%iiioa%&~ion aotiola ic 

s u e  odlrr. I% tiallre Blrplaix~a our obsavation of asJrwrneTiry 

I n  the elaotxooptfa reqoaruP, When the  SLO oaatea side i s  

posi0ir&, tho mamun% the eirmple 5s hlghcr s3 oamprrred 

fo tihe xever88 w e .  QorrenrpondlWy %hex@ l a  a nore vigoroum 

ERD znoC&on when *he aatated cileotrodo Zs porritive. Due t o  

the BHD mnotfon, t h o  allg;arnen* uf tha aamp3.e gets disturbed and 

aoneequentlr a oandderable mount of li@t peasea through 

the sgatea owprisi3lg of fhe asZl plaaed between eroaeraed poh- 

riaare. 

AS ~ersrentioned eazuer the maure or the oonductin~i, impu- 

r i t i e s  present in +he eampre is no* known. I f ,  as is likely, 

Che impurity is of a salt t;ilp@, tho Uquid crys ta l  mulecules 

ems &a@ expected t o  tar part i n  the conductioa mechani.com (Barrett 

et  aL 1976a. 1976bf Iitr eO erl 3971). Sn mdar 50 tesB the 

valfuty o f  the exp1anation a v w  cabme, we om5.68  ouf an 

eqpeximent w i t h  a sample 19 whfoh the negative low were %he 



majority marrant oarriers. Such a sample was obtained by 

dieaolving 1-2 per c a t  o f  an electron-aaaeptor, via., 

7.7' ,8 ,8'-tetracyano~nodimetha~ (TQBq) i n  the l iquid ~ s k r l *  

It is now w e l l  established that w i t h  suoh redor dopanl;s whirh 

have ( in  the  case of acceptore) a reduction potential whicrh i e  

much lower than tha t  of the l iquid o r y s t d ,  the ourrent Bow 

w i l l  maflily take place Wough the redox dopautfa. Holecules 

of the  redox dopants pick up nega%ll;ive ohargelr a% the 6athde 

and the negative i om thus f omed get  injeotsd i nto the  sample. 

Hence, we might expect that  wf th the doping, tihe alectroop%lc 

response would be reversed. And it ;  ia indeed vhat w a 8  observed. 

With S i O  coated side negative, stronger XED flow was observed 

and the contrast waa found t o  be reversed i n  illuoh saznples. 

Wlrther, when the sample was doped rrfth a PU* l ike creel 

pyridinium bromide, %he usual. type of o0pfTaat  wns observed 

i;e.,the f i e ld  of view w a s  b r i e t e r  when the Si0 ooated eleceodo 

~ ; s  positive. These observatione euppoxt the meohaniaar. deacrlbsd 

above. 

I n  materials having a large positive A e and a emall 

poai t i re  n u ,  the Eli3 ins tab i l i t i e s  most probably arise due t o  

eleotro-convective processes (Barnik a t  e l  1976). ?he ins tabi l i ty  

pa t te rm become visible i n  the  nematio pharre because of the  

optical anisotropy. The dielectric anisotropy of the ma%eriell 

does not play a major ro le  i n  this mechanism. 

Indeed, the aerymmetry of electrooptic response of the 



l iquid arystals i n  sandwich cell8 similar t o  the one described 

above aan be seen even i n  materials with negative A r  (though 

the anymetry 1 er reixy small, i n  these sasrplee). However, i t  

should be noted tha* at low frequencies the ins tab i l i t i e s  seen 

i n   ater rials with negative AC a r i s e  due t o  both the oonduction 

regime of Oarr-HdLlrioh mecbanien and electro-oonrectlvs, 

pmeeses.  

We may finally mention that  aites our inveo%ig;rtion was 

completed SnaemceM (t978b) kaa made electrooptia observati one 

eimilar t o  tha t  marile by nsr and ooniinaetl the asymmetry i n  

e3ectrooptic response of the oe l l s  having asymmetrically treated 

elec trodee. 
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