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5.1 Introduction 

Tlie nat,ure of t lie llematic - slilec tic A - smec tic C (NAC) meeting point has been 

tlie ~1111 jec t of exl,ensive experiniental studies [l,2]. These studies liave been made 

all t,lie illore interestillg by the recent predictions[3,4,5] of the cliiral version of 

tlie Clien-Lubensky (CL) model[6]. Depending on the strength of chirality, this 

tlieory esl)ccts tliffcrenl topologies for t,lic nicetilig point,. Wlien the chirality is 

zero one get,s tlie usual NAC ~nulticritical point,. In tlie presence of a cliiral field 

tlie llieory proposes l~vo altenialives dcl)cndilig on wllctlier tlie sys tell1 beliaves 

like a type I or t8ype I1 superconductor. In tlie case of the former, tlie cliiral 

neiiiatic (cllolesi,eric or Cli), slnec tic A (A) and cliiral smec tic C (C*) phases meet 

a t  a c~it~ical elid yoint,. In type I1 systems tlie meeting point is preempted by the 

appearance of a new t,ype of phase, namely, tlie Twist Grain Boundary (TGB) 

pliase[3] wliicli is t,lie liquid crystal analogue of the Abrikosov flux lattice in 

su~~erconductors['T]. 011 the experiniental side, tlie zero chirality case - tlie NAC 

liiult,icritfical point - is well est,ablished[l,2,8]. For the clliral version, two different 

types of meeting point, viz., a triple point[9] and a multicritical point[lO] liave 

been repor led. However, the TGB yliase, recognisecl to be identical[l l] to tlie 

A* pliase discovered by Goodby et 4 1 2 1 ,  llas not been found near the Cli-A- 

C* meeling point. This chapter describes tlie observation of a pliase diagram 

in whicli tlie TGB pliase appears, as expected by the theory, near a virtual 

Cli- A-C* meeting point,. 
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5.1.1 Analogy between the Normal-Superconductor and 
the N-A transitions 

Tlie basis of tlie alialogy between t,lie normal-superconducting transition in met- 

als and tlie neii~at~ic-smect,ic A (N-A) t<ransition in liquid crystals is that the 

orderetl pliases of bot,li siiiectic A and superconductors are cliaracterised by a 

lion-vanishing co~iiylex order parameter $ [13]. For a superconductor tlie or- 

der paranlet,er is t,lie wave fulictioli whereas for tlie s~ilectic A pliase it is the 

lilass densit,y wave. The coupling bet,ween the s~ilect~ic order parameter and tlie 

director fluctuation 611 is siniilar to that be tween the superconductor order pa- 

raliie ter and tlie vec t,or po t,ential A. Furtliermore, tlie spatial average of tlie twist 

11. (V  x n) corresponds to t,lie lnagnetic induction B. The field h conjugate to 

tolie twist, corresl>onds lo the niagnelic ilitelisity H. Thus, tlie cllolesteric pliase 

is tlie analogue of a iiorlilal nietal in an external niag~ietic field. Tlie expulsion 

of t.nrist occurrilig at  tlie clioles teric to smectic A transition is the11 tlie liquid 

crystal alialogue of tlie Mcisslicr effect. 

Reiin and Lu bellsky ex tended[3] tliese argunie~its to &id t lie analogue of t lie 

Abrikosov flux lattice phase in liquid crystals colltainillg cliiral molecules. Su- 

percoiiductors have been classified into type I and type I1 depending upon tlie 

value of t,lie Ginzburg paranleter k = A/(, where X is tlie penetration dep t11 (tlie 

tliickness over which a deformation, for e.g., a weak magnetic field, penetrates 

tlie surface of t,lie llorlilal niet(a1) and J is the coherence length (tlie distance 

over wliicli the local perturbalion affects tlie amplitude of +). For type I su- 
1 1 

perconductors, k < - and for t,ype 11, k > -. If tlie riiaterial is a type 
JZ JZ 
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I superconductor t,llen below t,lle critical t,emperature the field lines of the ap- 

pliecl lnagnetic field are completely expelled. This is the Meissner effect. On 

the o tlier hand a type I1 supcrconcl~ic tor exliibits a phase intermediate between 

tlie normal and superconducting phases, in wliich the magnetic field lines form 

a hiangular array of vortices. Tlle lat,t,ice of vortices is know11 as tlie Abrikosov 

flux lat,t,ice[S]. Tlie triangular lat,tices of vortices and tlie structure of a vortex 

line is sllonrn in Figure 5.1. 111 type-I systems, fluctuations drive tlie second or- 

der mean-fielcl ~iornlal to superconducting transition first order[l4]. If the N-A 

transition behaves like a type I transition tllexi it would always be first order 

and there would be no flux lattice analogue. In type I1 systems fluctuations are 

l~elievctl to lead lo a sccolitl ostler transition cliaracterised by the iliverted XY 

lnodel beliaviour[l5]. Althougli tlieoretical studies indicated that N-A transition 

belongs to an invert,ed XY class, experiments have sllowll XY class behaviour for 

a 1iuxli1)er of ~iialerials[lG]. As sucli olic can expect lo observe tlie liquid crystal 

allalogue of the Abrikosov phase. 

Renn and Lubensky liave argued lliat tliis pliase can be realised wlien the 

clliral lnolecules are present in tlie sys ttenl and would consist of a regular array of 

parallel twist grain boundaries conlposed of regularly spaced parallel twist dis- 

locatiolls with axes that rotate froln one grain boundary lo the next and termed 

it as tlie Twist Graira Boureda?y (TGB) state. Tlie schelnatic representation of 

the cl~olesteric(C1i) pliase and tlie TGB pliase witli its pitch axis parallel to the 

X axis are sllown in Figure 5.2. 111 tlie case of Cll pliase the director 6 lies tlie 

YZ plane ant1 rolatcs in a liclical fasliion as tlic coorclinate X along tlle pitch 

axis increases. Tlre average config~rat~ion of tlie director in TGB pliase is very 
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Figure 5.1 : (a)Tlie t r iang~~lar  lat, t ices of ~wrtices. (b) S ttruc t,ure of a vortex 
l inc . (Fro~i~ A.V.Nar1il;c.r ant1 S.N.Elil)ote, S ~ ~ , p e ~ . c o ~ ~ d u c t i v i t y  a n d  superconduc t ing  
rnate7ials,  p.43 (1983)) .  
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Figure 5.2: (a) Sclie~iiat~ic representat ion of a clioles teric(Cl1) liquid crystal. (b) 
Sclie~iialic rel~resent~ation of t.lie TGB s tate.(from Ref.[4]) 



siniilar t,o tliat of tlie Cli pliase. For tlie TGB stat,e, there are regularly spaced 

t,wis t grain botuitlarics separat,ed by a distance l b .  Eacli grain boundary colisis ts 

of regularly spaced screw dislocatio~is separated by a distance l d .  Tlie configu- 

ration of molecules between tlie grain boundaries is essentially identical to tliat 

of tlie A pliase witli regularly spaced layers separated by a dis talice d. 

5.1.2 Chiral Chen-Lubensky(CL) Model 

A ylie~iolliellological nlodel int,roducecl by Clien and Lubensky[G] has been very 

successful in explaining experiliiental observatiolis in tlie vicinity of the NAC 

lnulticritical point,. Lubensliy and Re1111 have generalised[4,5] this model to de- 

scribe the effects of chirality on tlie NAC point and its ilnnlediate neiglibourl~ood. 

One essent.ia1 featmure of tlliese niodels is that t,lie C phase is induced by the tilt 

of the neliia,tic director relative to t-he layer normal. Tlie sign of the coefficient 

of tlie transverse gradient term CI decides wlietlier tlie ordered pliase is A or C 

pha,se. In Clie latter lllodel in addition to tlie reduced temperature r N T-TNA 

(wliere TNrl  is t,lic N-A transit,ion le~ilperat~urc) and t,lie coefficient CI uscd in 

t,lie NAC model, the cliiral field li is introduced as one more variable. When 

li=0, t,lic p1i:ise diagram ill t,hc CI - r plane, reduces to tlie original NAC di- 

agram (Figure 5.3(a)). Notice tliat all t,lie pliase boundaries NA, NC and AC 

are second order at tlie nieeting point,(P) and tlius it is a niulticritical point. 

l4Tlien lifO there are t,wo po~sibilit~ies depeliding upon wlietlier the system be- 

liaves like a type I or t,ype I1 superconductor. If  t,lie rliaterial is type I tlie Cli-A 

and Cli-C* t,ra,nsitjions nroultl be &st ostler wliereas tlie A-C* tralisition is second 

order and t,crnlinat.es a t  a critical elid point CEP(See Figure 5.3(b)). More in- 
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Figure 5.3: (a) blean-field pliase diagram for tlie Chiral CL model in the r-CI 
plane wliell h=O. P is tlie NAC lilult icrit ical point,. (h) Mean-field pliase diagram 
for the cliilal CL liiodel when lif 0 for type I systems. Tlie dashed line is the 
first ostler 1)onndary and t lle solid line secolld order. Tlie A-C* trallsitioll line 
teri1iinat.c~ a t  a critical entl point,(CEP). ( c )  Mean-field phase diagrani when 11#O 
for type 11 systcnis. Tlic TGB pliase intervenes between tlie Cli and A phase. 
B1 and B2 are bicritical points. 
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teres ling tliiligs liapyeli when t,lle sys ten1 is type 11. Tlie TGB pliase i~iterve~les 

betwccli Cli and A phases as shown in Figure 5.3(c). Both tlie Cli-TGB and 

TGB-A pliase boundaries are seco~id order wllereas Cli-A would remain first 

order. Thus tlie poilit B1 a t  wliich Cli, A and TGB pliases meet is a bicritical 

point. Further analysis[5] of tliis liiodel brouglit out liiore features in tliis pliase 

diagram viz., appearance of the tilted TGB pliase etc. We will not discuss them 

liere. 

5.1.3 Experimental background 

At arou~id tlie saliie t#i~ile as tliat of tlie tlieoretical prediction[3] of tlie TGB 

phase, Goodby et a1, reported[l2] tlie discovery of a new liquid crystalli~ie pliase, 

wliicli t,liey ternled as A* pliase, bet,nreell t41ie isotropic and the cliiral s~nectic C 

(C* ) pliase in some liie~llbers of tlie lio~i~ologous series (S)-1-methyllieptyl 4'- 

[(4" -n -alkyloxypl~eliyl) l~ropionoyIoxy- bipliellyl-4-carboxyla te] (nP 1M7). The 

e~perinient~al temperat,ure-alkyl cliaili length phase diagram for the lio~nologous 

series nPlM7 is sliow~i in Figure 5.4. Tlie A* pliase 11% properties consistent 

with ils being idcnkificcl will1 t,lie llicoret,ically predicted TGB pliase. X-ray scat- 

tering inlensit,ies fro111 ulialig~ied samples of tlie A* pliase are siniilar to those 

of a l)onrtlered A pllase. Experinle~its using aligned samples sliowed tliat the 

scat,tering int,ensity is ilitelise on a cylinder with a symmetry axis coi~lcident 

will1 tlle pitch axis[ll] as predicted by tlie tlieory for tlie TGB pliase. Also, 

op t,ical lliicroscopic s tudies sliowed clioles teric-like t ext,ures for tlie A* phase[l2]. 

Tllc pitch axis in tlle A* l)lixse is rotaled by 90" wit11 respect to tliat in tlle C* 

pliase suggek ting t,liat tlie pit8cli axis lies ill the plane of tlie layers rather tllan 
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Figure 5.4: Exl)erinient,al pliase diagralri for tlie l~or~iologous series nPlM7. 
(from Ref. 12). 

Figure 5.5: Teli~yerat use-conceiitration(T-X) phase cliagralll of the CE3/CM 
binary syst,eln. Tlie tlaslied line is tlie liclix inversio~i line (from Ref.10). 



perl)entlicular to (lie layers, as in tlie C* phase. Tlie calori~i~et~ry showed clear 

ananiolies[l2,17] indicating tliat the A* and C* pliases are indeed distinct tlier- 

nlodynamical phases. Lavrent ovicli et al, observed in a binary liquid crys talliiie 

system, tlie TGB pllase to o c c ~ ~ r  between the Ch and the A phase[l8]. Later, 

Slaney aiid Goodby found the Cli - A* - A pllase sequence to occur in a sin- 

gle coniponent system[19]. Pollniann and Scllulte llave reported a n  interesting 

pliase diagrani(See Figure 5.5) in wliicli tlie Cli, A and C* pliases meet a t  a 

nlulticritical point and no TGB phase was observed[lO]. This could be perhaps 

due t,o t,lie followilig reason. In tlie vicinity of the iilulticritical point tlie sign of 

tlie Cli pitcli clianges giving rise to a helix inversioli line (shown as a dashed line 

it1 t41ic figure). The large pit.ch of tlie Ch phase near the meeting point would 

rccl~icc llic valllc of llic clii~al ficltl, lli~ls pl.ol);ibly s~ll)l)rcssing Clie TGB 1)li:~sc. 

5.2 Experimental 

5.2.1 Materials used 

Experinients liave been carried out on binary nlixtures of 4-(2'-me thy1 bu tyl) 

phe~iyl 4'-n-octyl biphenyl -4-carboxylatje(CE8-fro111 BDH) and 4-n-dodecyloxy 

biphenyl-4'-(2'-me t , l i~ l  butyl) benzoate (C12) [20]. Tlie structural formulae and 

t,lie t,ransi tion temperatures of tlie ~ilat~erials are given in Table 5.1. 

5.2.2 Experimental techniques 

To establish the existence of the TGB phase, opt,ical niicroscopy, DSC, X-ray 

diffraction and selec t,ive reflec t,ion techniques liave been employed. Tlie DSC 
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Table 5.1 : S t,ructural formulae and tra~isit~io~l te~nperatures ("C) of the materials 
usctl. 

Material Iso BP Cli A C* 

Iso= isotropic l~hase, BP = Blue phase, 

Cli = clioles teric, A = s~nectic A, 

C* = chiral s~nectic C. 
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a1d X-ray (liffiaction liict,liotls liavc been described in tlle previous chapters. 

Tlic (Ictilils of t,lic sc~lcct.ive rcflccLion ~iict~liod will 1)c t1escril)ed in 55.3.4. 

5.3 Results and Discussion 

5.3.1 Optical microscopic studies 

Tlic part in1 t cnipcrat lire conccnt rat,ion (T-X) pliasc diagram, 01) t,aitictl rlsillg a 

prograniniable 110 t s t.age(A4et tier FP82) in colijunc tioii witli a polarisirlg micro- 

scolw, is sliowli ill Figure 5.G. It is sccli Cliat for S < 0.32 (X is tlle weight 

f~act~ion of C12 in CE8) tliere is a direct Ch-A t,ransit'ion. For X > 0.32, a new 

phase appears wllicll grows a t  t(l1e expense of the A pliase and gets bounded 

near X = 0.7. Opt,ical ~nicrosco~)ic studies showed that on cooling, the Ch phase 

tralisforlils int,o tlie A pllase througll an illt,erlllediat3e pliase. 

Tlie rnicropli~t~ogral~l~ obt,ai~led for X = 0.6 a t  118" C is shown in Figure 5.7. 

Tlie tralisitioll to t,he i~lt~erlllediate phase is signalled by tlie appearance of the 

filament t,ext,ure, cl~aract~erist~ic of tlle TGB phase[12,19]. As tlie texnperature is 

lowered to the A pliase t811is pat,terli vanislies resultillg in a llonleotropic texture. 

On furtlier coolilig tlie A pliase goes to a C* pliase. 

For X > 0.62, tllere is no A pllase and for n~ixtures with 0.62 < X < 0.7 tlie 

sequence Ch-TGB-C* is seen. It is iliteres tilig to 110 te that for ally concelitratioll 

the TGB phase occurs at  tenlperatures above tlle A and/or the C* phase, a 

feature observed earlier[l9] and also predicted by the theory. 

Tlie plane t,exture (molecular direct,or parallel to the substrate) of tlle TGB 

pliase sllonrs t,llat it has a lielical structure, aiid tlle helical axis lies ill a directio~l 
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X ( w t  Ole) 

Figure 5 .G: Par t-ial t,cmperat!ure-concelltratiotl (T-S) diagram for CES/C12 bi- 
nary syst,enl. X = weight,% of C12 in the ~nixture. Tlle solid lines are ~ n e a u t  to 
serve as a guide to the eye. 



Fig;ure 5.7: Tlie flameill texture characterstic of the TGB phase as seen wlieil 
tlie sainple is cooled froill the cliole~t~eric phase. Tlie pli~t~ograpli  was t'aken a t  
3.6 "C below t,he Cli-TGB trailsitioii poilit in X = 0.G saiilple (Magnification: 
x 125) 



p;~r:tllcl lo t,lic laycrs of tlie ~)liase. Thus, llic l iq~~i( l  crystnal pliase lias a twisted 

laycr s Cruc turc. Selec t,ive reflcc t*io~i measurements confh niing tliis structure will 

be described later. 

5.3.2 Differential Scanning Calorimetric (DSC) studies 

Tlie differential sca~ining calorinleter scan for X = 0.6 and 0.66 are shown in 

Figures 5.8 illid 5.9. I ( ,  is ~ I ) s c I . \ ~ c ~  t,lli~(, (,li(> Cli-TGB t.sa~lsitio~i is quilt slrong but 

relatively broatl[2 11. In cont,ras t., tlie TGB-A t,ransit~io~i in X = O.G, is extremely 

weak, ~ieverllielcss clear on all elilargecl scale (see inset of Figure 5.8). Tlie A-C* 

transit,io~i is sliarp a~icl appears t,o be secolid order wliile the TGB-C* transitio~l 

in X = 0.66, is quite strong. All tliese features are in good agreement with 

earlier ohservat8io~is[l2,l8,19]. 

5.3.3 X-ray diffraction studies 

Layer spacing (d) nleasure~ilents were carried out, using samples filled in Lin- 

tleliia~i~i glass capi l l i~r i~ '~  i111d eilil)loyi~ig a coiiil)~~bcr co~ltrollcd Gui~iier Xray 

diffractometer (Huber 644). Tlle temperature dependence of d for X = 0.G is 

sliow~l ill Figtire 5.10. On increasing t,he t,enipera ture d illcreases cori ti~luously 

in tlic C* phase, sat,urat,es in t lie A phase at a relatively constant value and con- 

tinues t,o be so ill t,he TGB phase. For ,"; = 0.66 also (Figure 5.11), the d value 

i~lcreases wit11 i~icreasi~ig teiilperature in t,he C* pliase and attains a constant 

value in tlie TGB pliase. Tlle line profiles in the C*, A and TGB pliases were 

found to be conil>arable but increase in width 011 going to tlie Ch phase. 111 bo t11 
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Figure 5.8: Different.ia1 scali~ii~lg caloriliieler scan obtained on lieati~lg (rate 
5 "C/nlin) for X = O.G. Tlle region enclosed in dashed lines is sliow~l on an 
elilarged scale as an inset. 
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Figure 5.9: Differential scali~iillg calorimeter scan obtained on lieati~lg (rate 
5 "C/min) for X = 0.66. 



C'llaptcr 5: Phasc tliagra~u inr.olvillg the TGD l~l~:~sc. .  . 

109 113 11 7 
T('c) 

Figure 5.10: Teniperature dependence of the snlectic layer spacing for X = 0.6. 
The arrows iildicate the C*-A and A-TGB trallsit,ioll temperatures. 



Figure 5.11: Temperatsure dependence of the slllectic layer spacing for X = 0.66. 
Tlle arrow indicat,es t,he C*-TGB trallsitioll temperature. 



A and TGB phases tlie dl1 rat,io (1 =leugtli of tlie niolecule) was found to be 

~ 0 . 9 ,  a value typical of a ~iio~iolayer s~iiectic A pliase. 

5.3.4 Selective reflection studies 

A necessary feat.ure of tlie TGB pliase is t lie si~iiulta~ieous existence of smec- 

tic layering as well as a ~iiacroscopic helical structure witli its axis parallel to 

1 lie layer ~ ~ l a n e s .  111 01 dcr t o clc~l~o~is t I a t c tlia t the i~ i t  cr~iiedia le pliase is irldced 

TGB, nre have carried out t ransniit t ed liglit i~ite~isity nieasurements as a function 

of (lie i~icidc~it bean1 wavclcnglli. Exl)erinients were dolie using a VIS/IR spec- 

t ro~~ l io  l onie ter ( Hit aclii U3400, nravele~ig t li range 400-2400 nm) [22]. Samples 

( t liickncss N 50p 111) wele co~it ailled be tween glass plates coated witli a polymer 

solulio~i and unidirectioiially buffed, a procedure which produces an alig~i~neiit 

of tlie niolecular d i~ec  tor parallel to t,lie plates. Tliis in turli aligns the helical 

axis of (lie TGB p l i : ~ ~  to be pcrpcndicular to tlie glass surfaces. Tlle sanlple 

cell was placed illside a cali\>rat ed lio t stage wliose t e~ilperature was regulated 

to a constancy of f 25 ~iiI\; (111ri1ig ally scitli. Optical f~ra~is~iiissio~i ~~~easurcmen t s  

nTcle carsicel out at  several t enil)erat ~ u e s  in tlic Cli and TGB pliases. Tlie spec- 

trulil obtained for X = 0.6 a t  l . l °C  below tlie Cli-TGB traiisitio~i is shown in 

Figlire 5.12. Tlic ~ii i~ii~il l i~ii  ol~serverl at 2000 111ii represents llie wavelength /\,,,, 

of selective reflection froni t lie TGB yliase. Tlie tlier~iial variatio~i of A,,, for 

Itwo co~icc~ilr:~tions X = O.G ant1 0.GG ale sliom~i ill Figure 5.13 and Figure 5.14. 

Tlie t rcncl ohse~ved (steady increase of X,,,,,, as tlie t eniperature is lowered ) and 

tlie value of (lie fill1 witltli at half ~l~axi~i luni  of ilie sl)cctra (- 0.13 A,,,,) are ill 

gooel ag~ee~i ic~i t  wit11 tlie ol~servations of Srajer et a l [ l l ]  for tlie TGB pliase of 
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Figure 5.12: Typical optical t,ranslliission spectruni in tlie TGB pliase for 
X = O.G. Tlle wa\relengtll (Xmi , )  corresponding to tlie ~ninimuin in tlle plot 
is related to tlle pitch of the lielical ~t~ructure .  



Figure 5.13: T c ~ l l p r r a t ~ ~ ~ r e  depe~ide~lce of X m i ,  near the Ch-TGB transition for 
X = 0 .G.  Tlie arrow i~idicat~es t8he t,ra~isition te~llperature. 
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Figure 5.14: Temperalure del)endence of X,,,, near the Ch-TGB transitio~l 
X = O.GG. Tlle arrow indicates the transi tioil tenlperature. 

for 
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+14Plh47. Tliese  result,^, toget,lier wit,li tlie X-ray and optical data  presented 

above, co~lfir~il t,liat this pllase is tlie twist grain bouildary phase. 

All t,liese result,s est,ablisli t.1ie exist,e~ice of tile TGB phase near a virtual 

cliiral NAC point. in a l~inary pliasc diagra~ii as predictfed by tlie tlleory. 
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