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Phase Diagram of Confined Antiferroelectric 
Liquid Crystals in an Electric Field 

TIEZHENG QIAN and P. L. TAYLOR 

Depurtment of Physics, Case Western Reserve Univerdy, Cleveland, 
Ohio 44106, USA 

We study the electric-field-induced transitions in antiferroelectric liquid crystals in a model 
that takes into account the intralayer elastic distortion, the nearest-neighbor interlayer interac- 
tion, the coupling of the spontaneous polarization with the applied field, the dielectric anisot- 
ropy, and the surface anchoring. We find that the field-induced phase sequence has a critical 
dependence on cell thickness. For moderately thin cells (thickness > 0.1 pm) with moderately 
strong anchoring (surface coupling - lo4 J/m2), the system, in departing from the initial 
anticlinic alignment, first undergoes a continuous Frtederiksz transition, then a first-order 
surface boundary-layer transition, and finally a first-order or continuous transition to a com- 
plete synclinic ordering. Reducing the cell thickness to less than 0.1 pm will make the Frted- 
ericksz transition and even the boundary-layer transition vanish. 

Keywords: antiferroelectric liquid crystal; phase diagram 

INTRODUCTION 

Since the discovery of antiferroelectricity i r i  siriectic C' liquid crystals 1'1, 

there has been considerable iiiterest i n  the electric-field-induced tran- 
sition between antiferroelectric (AF)  siriectic C i  (SCi )  and ferroelectric 
(F) smectic C' (SC') phases in  AF liquid crystals (AFLCs), because 
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230 TIEZHENG QIAN and P. L. TAYLOR 

tristable switcliirig has shown great atlvaiitages over tlie bistable switch- 
ing found in surface-stabilized ferroelectric liquid crystal (SSFLC) cells 
in display applicatioris. Various tlieoretical studies have been carried out 
to investigate the static and dynamic aspects of the field-induced effects 
in bulk AFLCs I*] and AFLC cells 13] .  

A simple model based oil riearest-iieighlor iiiteractiori between srnectic 
layers has been proposed as a basis for the study of the various static 

and dynamic properties of AFLCs 1"). This model takes into account 
the iritralayer elastic distortion, the iriterlayer interact,ioIi, the coupling 
of local polarization with applied field, the dielectric aiiisotropy, arid the 
surface anchoririg effect. In the present paper, this niodel is adopted to 
investigate systerriatically tlie field-iiiduced phase trarisitioris in different 
cell-thickiiess regimes. 

MODEL 

The geometry of the systeiri is defined as ir i  Fig. 1. The srnectic layers 
lie iri the zz plarie aiid the cell surfaces lie i l l  tlie xy plaiie, so that the 
applied electric field E is in the z direction. Tlie director n in the ith 

layer is assumed to be confined to a cone whose surface is at  an angle 
0 to the layer norrnal, arid is thus completely defined by the azirriuthal 
angle 4, that the projectiori of n onto the zz plane makes with the I axis. 
The electric polarization withiii a layer is assuined to be of magnitude 
Po and to lie in a direction parallel to n x 9 .  Tlie local energy density of 
the interaction of this polarizatioii with an applied electric field is then 
-PoEcos&. Here we ignore tlie r-deperideiice of 4. 

The working uiodel for the bulk free energy T of tlie system is 3 = 

DC, J f , dxdr  I"]. with D tlie layer tliickriess arid f ,  the bulk free energy 
density, giveii tjy 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
2:

42
 1

6 
A

ug
us

t 2
01

2 



PHASE DIAGRAM OF A CONFINED AFLC 23 I 

'I. 

Figure 1: Geometry of the model antiferroelectric liquid crystal 

where K is the effective elastic coristant, U > 1) and J > 0 are interlayer 
coupling constants, Po is the spontaneous polarization, and Ae is the 
dielectric anisotropy. It is clear that il l  the right-hand side of Eq. (l), 

the first term coines from the elastic energy due to tlie iiitralayer direc- 
tor distortion, the second two t e r m  represent the interlayer interaction 
energy, and the last two terrns are caused by the applied field through 
its coupling with the local polarization and the dielectric anisotropy re 
spectively. To account for the surface anchoring effect, we include in the 
total free energy density a term w,[C5( t+d/P)+6(z-d /2) ]s inZ bi with d the 
cell thickness and wo a positive coristant when the surface anchoring is 
planar. For polar anchoring, a further term w l  [ J ( t  + d / 2 )  -6(r - 4 2 ) )  cosb, 
must be added, but we neglect this coiriplication in favor of a model of 
non-polar rulclioriiig. 

In the AF phase i n  the absence of ail applied field, the angles & al- 
ternate between (1 arid R as one passes from layer to layer. We assume 
that with our neglect of helicity, this pattern of alternation persists in 
tlie presence of applied fields. We tlieii need corisider only the values of 
& ( z )  within two adjacent. layers. All succeediiig pairs of layers will then 
merely be a repetition of these. We denote tlie value of bi in all odd 
layers as cp and in all even layers as R +$J. At equilibrium in the field-free 
AF structure we then have p = ~ = 0. 
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232 TIEZHENG QIAN and P. L. TAYLOR 

EQUILIBRIUM STATES AND PHASE TRANSITIONS 

Numerical calculations were carried out using the full expression for the 
free energy. We use a finite difference scherrie to discretize the free energy 
functiorial arid erriploy the quasi-Sewtoniari irietliod to seek the optimal 
configurations. The equilibrium state is given by those values of @(t) and 
$ ( x )  that rriiiiiniize the free-energy functioiial. Close to the (first-order) 
transition point, the coritiiiuatiori method was used to obtairi the desired 
state. In this way, global optirrial configuratioii i r i  one regime rnay be 
used to obtaiii the metastable (locally optirrial) corifiguratiori iri other 
regimes. We note that the ultra-tliiii cells to wliicli part of this arialysis 
is applicable have not yet been reliably iriaiiufactured. 

Moderately Thin Cells 

For moderately thin cells (d > 0.1 Irrn), the uiiperturbed AF state be- 
comes unstable when the applied field is sufficieiitly large. This is due to 
the competition betweeii the bulk field-iritluced free eiiergy which is mini- 
rrtized at qi+$ = A arid ttie surface-bbulk elastic distortion energy which 
is rnaxirnized if tlie bulk 6 + qb equals to A. The coritiriuous F'rbedericksz 
transition occurs when the uriperturbed AF state becomes absolutely un- 
stable. After that, the bulk values of 4 and 3 bot,Ii increase from zero 
towards n/2 (see Fig. 2) ,  accorripariied by a niuch slower increase of the 
surface values of 6 and $. Increasing the field will eventually break the 
surface anchoring, resulting in a first-order surface boundary-layer tran- 
sition with surface 6 aiid @ jurripiiig away from ttie old orientations that 
are close to the easy axes. Meariwliile, if the cell tliickiiess is relatively 
small, the bulk aiigles caii also experierice their ow11 ju ir ip  a t  the sur- 
face trarisition (see Fig. 2-(b)). Further iricreasiiig the field will make the 
ideal F state (#(z) = 0 aiid $ ( r )  = ?I for - d / 2  5 i 5 d / 2 ) ,  which rninimizes 
tlie field eiiergy aid the elastic eiiergy sirriultaiicously, the new equilib- 
rium state, therefore leading to an .4F-F trarisitioii. 111 the thick cell 
regime ( d  > 1 pm), we find that this transition can be either first-order 
or second-order, deperidirig on tlie values of certain rriodel parameters. 
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PHASE DIAGRAM OF A CONFINED AFLC 233 
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Figure 2: The midplane director orientations $I (solid line) and $J (dashed line) 
of alternate srnectic layers are plotted as functions of applied voltage. (a) d = 
1 prn. (b)  d = 0.1 prn. The location of the surface boundary-layer transition 
is marked by the downward arrow. The parameters defined in the text used 
for calculation are K = 10-" h', U = 3.0 x 10' .]/in3, .I = 1.0 x lo3 . l/m3, 
Po = 7.5 x lo-' C/rn', 4t = -1.0, 0 = 20°,  and tuU = 1.0 x lo-'' .J/mZ. 

Extremely Thin Cells 

For extreniely tliiii cells ( d  < 0.1 p m ) ,  the pliase sequerice is quite differ- 

ent (see Fig. 3). The uriderlyirig physics is not difficult to understand. 

Basically, there are four leiigtli scales in deterniiriing the qualitative be- 
havior of the pliase sequence. They are: (1) the iritririsic A F  correlation 

length 

( A l .  = d x ,  
(2) the field-induced correlatiori lerigt I1 

(3) the surface extrapolatiori lerigtli 

(here 1 > C A P ) ,  and ( 4 )  the cell thickness d. For d >> I ,  the RCedericksz 
transition occurs first wheu (1;  - d illid tlie suifacc breaking then occurs 
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234 TIEZHENG QIAN and P. L. TAYLOR 
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Figure 3: The midplane director orientations @ (solid line) and 11 (dashed line) 
of alternate smectic layers are plotted as functions of applied voltage. (a) 
d = 0.045 pm. (b) d = 0.035 pin. Other pnrainrters used for calculation are 
the same ils those for Fig. 2. 

when {fi; - 1.  But if d - 1 or d < I (see Fig. 3-(a)), theri the surface 
transition precedes the FrCedericksx traiisitiori wliich will never occur. As 
a result, the surface and the bulk aiigles uiitleigo tlieir abrupt  changes 
siniultaneously at  the surface traiisitioii. .4fter that, the AF-F transition 
occurs when <[: - S A P .  In the cased N <AI.. or d < CAI.. (see Fig. 3-(b)), the 
severe confinement coridition preverits any spatial variation of the partial 
AF ordering across tlie cell from IJeiiig stabilized. In consequence, the 
only transitioii left is tlie oiie betweeii the wperturbed AF state arid the 
ideal F state. 

PHASE DIAGRAM 

The phase diagram of AFLC cells is depicted iri Fig. 4 .  It is seen that for 
all but the tliinriest cells (d > 0.1 pin), there are t h e e  successive transi- 
tions, i.e., the continuous FrCedericksx traiisitioii, the first-order surface 
boundary-layer transition, and the .4F-F traiisitiori (of first-order for the 
parameters used i i i  calculatiiig the preseiit ptiase diagrain). That is, 
the F'rbedericksz traiisitiori first transforiris the system froin the uiiper- 
turbed AF state into the bulk-rotated AF (BRAF) state wliicti exhibits 
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PHASE DIAGRAM OF A CONFINED AFLC 235 

2.0 r I 

Figure 4: Phase diagram of the alignment state in antiferroelec%cic liquid crystal 
cells. The inset provides the detail around d = 0.05 pm. Here wo = 0.6 x 
lo-" .J/m2, and the parameters I ( ,  U ,  . I ,  Po, At  and  0 are the same as those 
used for Fig. 2. 

small deviation of the surface directors from the easy axes. The surface 
boundary-layer transition tlieii trarisforrris the systerri from the BRAF 
state irito the surface-rotated AF (SR.4F) state ii i  which the surface an- 
choring is broken arid thus the surface-to-bulk elastic distortion energy 
lowered. The system finally goes into the ideal F state through the AF-F 
transition. If we let V,., V8,  and \'*I, deiiote the critical volt.ages for the 
FrCedericksz transitiori, the surface boundary-layer transitiou, and the 
AF-F transitiori, respectively, tlieii in  the liniit of d --t a ~ ,  we have VF 

independent of d ,  V, a d, arid VF a d. Reducing the cell thickness to  
less thaii 0.1 p m  - 1 will first teririiiiate the existence of the F'rCedericksz 
transition. Consequently, the systeiri is t ransforrned directly frorn the 
unperturbed AF state into the SRAF st,ate tlirough a first-order transi- 
tiori wliicli coiriprises the siiriultaiieous rotat.ioiis of the surface and the 
bulk direct.oi-s. The AF-F traiisitioii tlieii occiirs as ill rrioderately thin 
cells. Further reducing tlie cell tliickiiess leads to a direct traiisforrriation 
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236 TIEZHENG QIAN and P. L. TAYLOR 

frorri the unperturbed AF state irito the ideal F stat,e a t  Vt/ ,  = 2Ud/Po,  

with no intermediate state. 

SUMMARY 

We have studied the field-induced trarisitioris in a rriodel that takes into 
account the iiitralayer elastic distortioii, tlie nearest-neighbor interlayer 
interaction, the coupling of spoiitaiieous polarixatiori with applied field, 
the dielectric ariisotropy, arid tlie surface aiiclioririg. We find that the 
AFLC cells show qualitatively diKcrciit phase sequcrices i i i  different cell 
tliickiiess regimes. The study of the correspoiidirig dyiiarriical behavior 
of such AFLC cells is Ijeirig uiitlcrtalteii. 
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