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We here present a thorough model of the electroclinic effect across the SA*-Sc* phase transi- 
tion, being the first to incorporate the vertical chevron structure. This structure has previously 
been observed in the S,* phase of surface-stabilised FLC (SSFLC) devices, and some exper- 
imental evidence suggests that it may be present in the electroclinic effect [I-31. Excellent 
agreement is achieved when comparing this model with previous experimental results of 
optical tilt through the A-C* transition for a SSFLC cell with homogeneous alignment. 

Keywords: electroclinic effect; chevron structure; SSFLC 

1 INTRODUCTION 

The electroclinic effect was first discovered as a pre-tramitional 
effect above the smectic A to smectic C phase transition in 1977 by 
Garoff and Meyer [4]. When an electric field is applied to the smectic 
A phase a tilt (perpendicular to the applied field) is induced in the mol- 
ecular axis; the magnitude of the induced tilt being dependent on the 
magnitude of the field. The fast response time of the electroclinic effect 
(typically sub-microsecond) as well as it’s grey scale capabilities are 
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very useful properties in electro-optic modulator devices [5 ]  and poten- 
tially for use in active matrix displays [6]. 

However, the importance of understanding the electroclinic effect 
also lies in furthering the understanding of SSFLC displays, which have 
in recent years emerged as a potential competitor to the now established 
STN and TFT displays [7, 81. 

The chevron layer structure is believed to form in order to retain 
the Smectic A layer thickness throughout the bulk of the cell on transi- 
tion into the Smectic C* phase. Much work has been carried out in at- 
tempting to describe this structure in bistable switching in SSFLC 
devices, both experimentally, and also in theoretical modelling. How- 
ever, to the best of the authors knowledge, no investigation has been 
carried out on the modelling of such a structure being induced in the 
electroclinic effect. 

We have previously suggested the need for such a model [3], 
therefore we here present an order parameter chevron model, describing 
in particular the smectic A X '  phase transition. 

2 THE CHEVRON MODEL 

2.1 General Description 
The free energy density of the smectic A X '  phase transition can 

be described phenomenologically using a Landau type expansion of the 
order parameter 8, 

f L o n d = 2 a 6  1 2 1 4  +;ibe 

= +a(T - Tocf12 + 1 4  

where a and b are the Landau coefficients. The Smectic A X *  
phase transition occurs at a temperature T = &. 

tion is given by the free energy 
The interaction of the electric field with the spontaneous polarisa- 
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where Po > 0 is the induced polarisation magnitude per radian of tilt and E 
the applied field vector. The vectors a and k are defined using the coordi- 
nate system give in figure 1, where k is the layer normal, and a is the direc- 
tor, 

- n =  (3) 
sinbcos8 - cosbsin@sine 

cosbcostl + sinbsin@sin8 1 cos@sine 

where 8 is the layer tilt, @ is the azimuthal angle, and 8 is the smectic 
cone angle (see figure 1). 

We can also describe the elasticity using: 

f e h  = K[@ * nJ2 + @ A d2] (4) 

where K is the elastic constant given a one constant approximation, in- 
corporating splay, twist and bend deformations. 

The full one-dimensional (i.e. assuming variation in a only in the 
z direction) free energy density, which is simply a sum of the above 
three contributions, is given by the equation: 

where 8'. @ I ,  and b' are the first differentials of 8, @, and b in the t 
direction. 

It is commonly assumed that the layer tilt d is proportional to the 
cone angle 8, i.e. b = p8 wherep is some constant. In the further analy- 
sis of this model, we shall also make this assumption. 
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cell plates 

FIGURE 1: The coordinate system defined within a surface- 
stabilised FLC cell. The chevron layer structure is assumed to be 
symmetric about the centre of the cell. 

2.2 Bulk "Uted Layers 
We are able to consider the effect of tilting the layers on the bulk 

electroclinic effect by neglecting the surfaces and the chevron. We can 
achieve this by ignoring the elasticity, resulting in a greatly simplified 
free energy. 

(6) f = -a(T 1 - TWH2 + 4be4 - P$Zzsin8cos@cos6 2 

If we minimise this free energy with respect to @ we find that the 
director will always lie on the side of the smectic cone, i.e. @ = 0. If we 
then minimise the free energy with respect to 8, we find that the tilt 
angle assymptotes to Om at large applied field E, given by the equation: 

pwe,) = co+e,) (7) 

'Qpically, it is assumed that ,u = 0.85, in which case, the solution 
of equation (7) is 8 = 51". Electroclinically induced tilt angles of 22" 
have been reported, but it would seem unrealistic that the saturation tilt 
of 5 1 O would ever be reached. The induced cone angle as a function of 
electric field is shown in figure 2 for bookshelf layers and also tilted 
layers. The reason for the saturation tilt which exists for tilted layers 
and not for bookshelf layers, is that though 8 tends to increase as E, 
increases, when it does increase, the layer tilts and causes the polarisa- 
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tion vector to move away from the vertical (i.e. aligned with the field), 
so in the end a compromise is reached. In the bookshelf structure, the 
polarisation vector will always remain parallel to the field and therefore 
the cone angle should in principle increase indefinitely. 

FIGURE 2: Plots of 8(E> at T-T, = 0.1K for bookshelf (0) and 
tilted (+) layers. 

23 SurfaceStabilised LC Cell 
We now consider a homogeneously aligned liquid crystal device, 

parallel rubbed with pre-tilt i9* assuming infinite anchoring at the sur- 
faces. In defining the boundary conditions, we stipulate that the director 
at the chevron interface must lie in the plane of the cell surfaces, it 
therefore must satisfy the condition 

There must also be zero torque at the chevron interface, which 
results in the boundary condition 0’ = 0 . The assumption of infinite 
anchoring defines our boundary conditions at the surfaces, as the direc- 
tor must remain fixed along the rubbing direction at the pre-tilt angle. 
If there is no pre-tilt present then C1 and C2 states are degenerate, 
however if some pre-tilt is present, then for small 8 the C1 state is 
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'2.7 *.n '.- 
.... ..I 

FIGURE 3: Profiles as a function of voltage for (a) T < T, (V 
= 0 --c 5V in steps of 0.5V, & also 2OV plot in #(z)), (b) T = T, 
(V=O + 1V in steps of O.lV), and (c) T >  T, ( V = O  + 20V in 
steps of 2V). Note: Anow signifies direction of inmasing V 
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more likely to occur as C2 results in large distortions at the surfaces. In 
the C1 case, the cone angle is defined by 8 = p - 8 and the director 
lies at the top of the distorted cone at @ = -90". In the C2 case, the cone 
angle is defined by 8 = /3 + 8 and the director lies at the bottom of 
the distorted cone at @ = +!lo". 

Solutions for 8(z) and @(z), obtained by solving the Euler-La- 
grange equations in 8 and @ using the relaxation method, are shown in 
figure 3, for (a) T < T,, (b) T = T,, and (c) T > T,. The three regimes 
give very different behaviour and illustrates the competition between 
two interactions, that between the elasticity and the field, and that be- 
tween the order parameter 8 and the field. 

In the smectic C* phase we see a large variation in the azimuthal 
angle @ and a small variation in 8, implying the dominance of the inter- 
action between the elasticity and the field. This agrees well with exist- 
ing smectic C* models [9] which assume a constant order parameter 8 
and only vary @. 

In the smectic A phase, @(t) remains relatively unchanged as a 
function of voltage, with the director is at the side of the cone in the 
bulk of the cell. The order parameter 8 however varies approximately 
linearly with voltage, though again the shape of the profile remains 
relatively unchanged. Therefore it is now the interaction between the 
order parameter 8 and the field which is predominant. This behaviour is 
in agreement with the simple electroclinic model [4], assuming only 
variations in 8. 

Close to the A<* phase transition, the results show a large vari- 
ation in both 8 and @, which implies that both the interaction between 
the order parameter 8 and the field, and the interaction between the 
elasticity and the field are important. Therefore in describing the behav- 
iour close to the A<* phase transition, the assumption that either 8 or 
@ is constant can not be made, and in this regime the complete model 
we have presented is particularly important. 

2.4 Experimental Results 
So far we have only been concerned with the theoretical model- 

ling of the electroclinic effect. We now consider the effects of the above 
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behaviour on the polarisation of light incident on a surface-stabilised 
LC cell and compare these effects with experimental results in the three 
regimes already considered. 

The experimental results in figure 4 show the effective rotation of 
linearly polarised monochromatic light, normally incident upon a ho- 
mogeneous parallel rubbed polyimide cell of 1 . 5 ~  thickness filled 
with SCES. Comparison is made with predictions based on a simple 
bookshelf structure made1 of the EC effect, and with the model pres- 
ented above which allows the distortion of smectic layers (into a chev- 

. .  4 a ..- .." ..- ..n ,.c 

V c v )  V O  . 

. *. I v& 
FIGURE 4: Comparison between experimental data (+), and 
the bookshelf (dotted) and chevron (solid) models. 
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ron type structure). The optic effects of the above model are calculated 
using Berremann routines [ 101. 

Excellent agreement between the chevron model and the experi- 
mental results is seen for all three regimes with an elastic constant 
which is reasonable for SCEI [ll]. The bookshelf model gives good 
agreement well above the phase transition, but diverges from the ex- 
perimental results near the A X '  phase transition. 

3 CONCLUSIONS 

The first 'order parameter' model of an electric field induced 
chevron has been developed. Though it ignores the DeVries' like 
azimuthal ordering in @ [12] and molecular conformation, the present 
model provides excellent agreement with previous experimental results 
of optical tilt through the A Z '  transition for a SSFLC cell with homo- 
geneous alignment. 

The results also show how the interactions of elasticity and tilt 
angle 8 with the applied field compete, with both being significant at 
the phase transition, and one dominating the other either side of the 
transition. 

Future work will aim to incorporate the effect of changing order- 
ing in the azimuthal angle @ and also the influence of molecular con- 
formation change. It is interesting to note the importance of such effects 
in the context of recent results showing enhanced EC effects in ma- 
terials which show minimal changes in smectic layer thickness across 
the A X *  phase transition [ 131. It is also hoped to probe the layer struc- 
ture dynamicallyhynchronously using X-rays, to confirm the presence 
of an induced chevron in the electroclinic effect. 
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