
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 26 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Liquid Crystals
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926090

Determination of coherence length of a smectic liquid crystal
M. Osipovab; J. R. Samblesa; F. Yanga

a Thin Film Photonics, Department of Physics, University of Exeter, Exeter, England b Institute of
Crystallography, Academy of Sciences, Moscow, Russia.

To cite this Article Osipov, M. , Sambles, J. R. and Yang, F.(1996) 'Determination of coherence length of a smectic liquid
crystal', Liquid Crystals, 21: 5, 727 — 732
To link to this Article: DOI: 10.1080/02678299608032884
URL: http://dx.doi.org/10.1080/02678299608032884

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713926090
http://dx.doi.org/10.1080/02678299608032884
http://www.informaworld.com/terms-and-conditions-of-access.pdf


LIQUID CRYSTALS, 1996, VOL. 21, No. 5,  727-732 

Determination of coherence length of a smectic liquid crystal 
by M. OSIPOVf, J. R. SAMBLES" and F. YANG 

Thin Film Photonics, Department of Physics, University of Exeter, Exeter 
EX4 4QL, England 

(Received 26 August 1995; in $nu1 form 21 June 1995; accepted 7 July 1996 j 

A model for the near surface director profile in a homeotropically aligned smectic liquid 
crystal is developed based on the idea of the two independent anchoring energies separately 
associated with the director and the density wave at the surface. These anchoring energies 
are counterbalanced by the tendency to form the smectic C phase in the bulk. The model 
yields simple distance-dependent cone angle profiles which are compared with experimental 
data obtained from the half-leaky waveguide technique to obtain the coherence length for the 
penetration of the smectic C phase into the smectic A phase and the ratio of the surface to 
bulk cone angles. 

1. Introduction 
Since the realization in the early 80s of the surface 

stabilized ferroelectric liquid crystal (S;) geometry [ 17 
with its potential for bistable switching and hence device 
technology, there has been much interest in the S: phase 
of liquid crystals. Many of the studies have been con- 
cerned, quite naturally following Clark and Lagerwall's 
paper [ 11, with the homogeneous alignment. Yet this is 
notoriously difficult to model. Even reduced theories 
[ 2-41 which simplify the mathematics of this structure 
by imposing special constraints are relatively unwieldy 
and not readily applied. Details of director anchoring at  
the aligning surface, the nature of the chevron interface 
and the compressibility of the smectic layers are all 
important yet unknown. Thus even though there is a 
substantial body of work studying homogeneous cells 
using both optical probing [ 5-10] and X-rays [ 11,121, 
only very sketchy information on fundamental elastic 
properties have been forthcoming. 

Recently, we have shown [13, 141, that while the 
rather less studied homeotropic alignment does not 
resemble device structures, it nevertheless provides a 
good geometry for the study of some fundamental char- 
acterizations of smectic materials. In particular, because 
the surface anchoring constraints of a homeotropically 
aligned cell are very weak, then the 'almost-infinite' 
liquid crystal response may be obtained. Using the very 
powerful half-leaky guided wave technique [ 15, 161 to 
probe the configuration of the optical tensor within the 
liquid crystal, we have been able to confirm extended 
mean field theory [13], determine for the S; phase the 
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cone angle, as well as the natural helical pitch [ 141 and 
more recently one of the elastic constants, B ,  [17], by 
application of in-plane electric fields. 

In this present study we explore the nature of the near 
surface director profile in a homeotropically aligned 
cell in order to unravel some further fundamental 
characteristics of the S: phase. 

The orientational interaction of the smectic phase 
with the surface results in competition between different 
types of anchoring forces, one external, the other essen- 
tially bulk. For example, for the S, or SE phase, homeo- 
tropic anchoring (director normal to the surface) may 
well be in opposition to the cone angle as a consequence 
of the layer normal also attempting to be normal to 
the surface. 

We already have shown El41 from our optical studies 
of homeotropically aligned smectic cells that there is a 
surface region in which the tilt angle varies spatially as 
we move away from the surface. Furthermore the results 
have also shown that, contrary to popular expectation, 
the smectic layers are not necessarily parallel to the 
surface even in the S, phase. This latter behaviour 
almost certainly depends on the temperature dependence 
of the density wave spacing in the S, phase and will be 
material dependent. 

It is important to appreciate that the tilt of the layers 
is not a consequence of a prepared surface designed to 
give such a tilt, as for example in high tilt SiO, align- 
ments. There is no specific orientation of the layer 
normal imposed by the simple lecithin coated surface 
used in these experiments. As far as we were able to 
discover, the layer tilt is very simply a consequence of 
layer shrinkage in the S, phase and space filling 
requirements. 
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728 M. Osipov et ul 

Hcrc we turn to interpreting this surface reorientation 
region with the help of a simple continuum theory of 
the S, phase, supplemented by appropriate surface 
energy terms. We note that the analysis of the surface 
region, and in particular the variation of the smectic C 
conc angle near the aligning surface has been performed 
by several authors. In 1981 Pikin and Yoshino [ l S ]  
presented analytic results for the variation of cone angle 
i n  an S, film, establishing the dependence of the trans- 
ition temperature on the thickness of the film. They used 
the following simple expression for the bulk free energy 
of the S, phase: 

whcre 0 is the cone angle and the z axis is the surface 
normal. The surface free energy was taken in the Rapini 
form: 

F, = WN’ 

A similar bulk free energy has also been used by 
Kraus et a!. [ 191 in the analysis of the first order S, to 
S, phase transition in very thin films. Very recently, 
U1 Islam and co-workers [20. 211 have analytically 
modelled and numerically evaluated the cone angle 
profiles near the surface of a homeotropic cell using the 
same bulk free energy density and surface boundary 
conditions. 

Thus in the simple case of homeotropic anchoring, 
the general form of the cone angle profile near a surface 
is well known. However, the detail of the interaction 
between the S, liquid crystal and surface is poorly 
known. In the above studies, the surface energy has been 
modcllcd in thc form of a simple nematic, depending on 
the director n at the surface. However in the S, phase 
there is an independent contribution to the surface 
energy with the minimum corresponding to the director 
lying on the smectic cone (see figure 1). As a result the 
surface free energy of the S, may have two minima. 
These minima coincide only if the surface promotes S, 

II k e 

Figure 1 .  Model of the homeotropic smectic C phase near a 
surface. 

type ordering. The situation becomes even more complex 
if there is layer tilt at the surface, as in our experimental 
situation. In this case the smectic plane normal k does 
not coincide with the surface normal e (see figure 1)  and 
hence the surface cone angle 0 is different from the angle 
8’ which determines the deviation of the director from 
the homeotropic alignment direction. In this paper we 
endeavour to consider these competing effects and draw 
some conclusions regarding the form of the surface free 
energy in a real S, cell. For this purpose we determine 
the S, coherence length 5, by comparing with expcri- 
mental data. By fitting our model at various temper- 
atures to the data obtained we find the temperature 
dependence of tC. 

As far as we are aware, the S, coherence length has 
not been directly measured and there is little experi- 
mental information on this quantity. In the system under 
study the tendency to form the S, phase is different at 
the surface from that in the bulk. As a result, the 
thickness of the boundary layer region is determined by 
the penetration length of the S, phase into the SA phase. 
This is particularly obvious for tlic reverse situation 
[22,23] when the bulk is in the SA phase while there 
still exists a surface region with non-zero surface tilt, 
that is it is S, like. 

2. Anchoring of the smectic C phase at a planar 
surface 

The full description of the anchoring of the ferroelec- 
tric smectic, S Y ,  phase should account for the possible 
interaction between the spontaneous polarization and 
the surface. However the contribution of the polarization 
terms to  the total free energy in the bulk is rather small 
[24] and these terms do not significantly influence the 
cone angle (a racemic mixture of an S: material will 
have a measureably different cone angle only close to 
the S,/S, phase transition). In addition, for planar, 
structureless surfaces covered with lecithin, we do not 
expect any specific, strong, interaction between the sur- 
face and the spontaneous polarization. Thus as a first 
approximation we assume that the tilt angle profile near 
such a surface is negligibly influenced by chirality and 
therefore consider the much simpler problem of the 
anchoring of the achiral S,. 

The orientation of the S, is determined by the smectic 
plane normal. k (the density wave vector) and the 
director n. We specify the orientation of the structureless 
planar homogeneous surface by the unit normal e (see 
figure 1). 

We assume that in the nematic phase, to minimize the 
surface free energy, the director, n would like to be 
normal to the wall. This tendency is preserved also in 
the S, phase, but it is accompanied by two other effects. 
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Coherence length of a smectic LC 729 

( 1 ) The density wave normal (the layers) may be tilted 
with respect to the surface normal - there is 
good experimental evidence for this [ 13, 141. 

(2) When the bulk liquid crystal is in the S, phase, 
the director at the surface may have an independ- 
ent tendency to be tilted relative to the smectic 
plane normal. This may well be sensitive to surface 
treatment. 

In the general case there will be competition between 
the desired homeotropic alignment of the director at the 
surface and the possible tilt of the director with respect 
to the smectic plane normal ~ the density wave vector. 

The total free energy per unit volume of the S, may 
be written 

(1) 

where L is an appropriate elastic constant, u is the 
surface area and F, is the surface free energy, located 
within a few molecular lengths of the surface. This 
surface free energy, F,, depends on the orientation of 
the smectic layers with the surface, on the orientation of 
the &rector with respect to the surface normal e and 
on the cone angle between the director n and the layer 
density wave vector k. 

We write 

Fs = - W,(n - e)’ - Us(k - e)2 + a02 + Bod-, (2) 

where 8, is the surface cone angle 

cos 8, = (n - k) ( 3 )  

The last two terms in equation (2) characterize the 
tendency to form an S, phase at the surface. This is an 
energy due to the director being forced to  deviate from 
the bulk S, cone angle at the surface. This energy must 
be distinguished from the ‘nematic’ anchoring energy 
W,(n - e)” which describes the energy cost of deviation 
from the surface normal, e. We also note that the 
coefficients in the expression for the surface free energy 
(3) in powers of the cone angle can be different from the 
corresponding coefficients in the bulk. 

Thus W, is the ‘nematic’ anchoring strength and U s  
is the smectic anchoring strength which characterizes 
the energy of the smectic layer being tilted with respect 
to the planar surface. This energy is related to the energy 
of the defects needed to allow the layer tilt. 

We note in the general case while the constant u in 
the equation (2) is of order a ( T -  TAc), it does not 
necessarily vanish at the SA to S, phase transition. When 
a < 0 then a surface S, tilt can exist in the SA phase. By 
contrast, if a > 0 the S, phase is suppressed at the surface. 

The equilibrium director profile n(z), the orientation 

of the surface director no and the equilibrium orientation 
of the smectic plane normal k correspond to the min- 
imum of the free energy using equations (1) and (2). 

We now minimize this free energy with respect to the 
director n, keeping the smectic layers fixed. The orienta- 
tion of the director n is determined by the cone angle, 
8, and the azimuthal angle tj: 

n = kcos 0 + csin 9 (4) 

where the unit vector c is given as 

c = mcos $ + lsin tj 

where m and I are two unit vectors orthogonal to k. For 
simplicity we set 1 to lie orthogonal to the surface normal 
e; I . e = 0 .  

Minimisation of the free energy with respect to the 
director n is equivalent to the minimisation with respect 
to 8 and $. We note that only the surface free energy F, 
(given by equation (2)) depends on JI. Thus we can 
minimise F, with respect to $ and the tilt free energy 
with respect to 8. 

In equation (2) only the first term, - W,(n - e)2 depends 
on $; thus we minimize this anchoring energy 
- W,(n * e)’ with respect to tj at constant 9,. Then 

- W,(n.e)2 = - W,{(kcos 9 + c sin 9).e}’ 

= - W, {(k cos 8 + m cos $ sin 8 

+ Isin$ sin 9) * e}’ 

= - W, {cos 6 cos 8 + sin 6 cos tj sin e}’( 5) 

where we have taken into account that (k - e) = cos 6, 
(m - e) = sin 6 and (1 e) = 0. 

From the definition of the angles 8 and 6 it follows 
that 0 < 0 < 4 2  and 0 < 6 < 4 2 .  

It is obvious that the minimum of the anchoring 
energy (5) corresponds to cos $ = 1. Now the surface 
free energy, equation (2), can be written as 

F, = - W, cos2(8, - 6) - U s  cos’ 6 + u0: + Be: (6) 

With this and equation (1) we have to minimize the 
total free energy with respect to 9(z). The appropriate 
@(z) profile is determined through 

(7) 
d2 8 
dz’ 

2L- +2ct(T- TAc)0+4b03=0 

for which the boundary condition is 8(z) + 8 b  as z + co, 
db being the bulk cone angle. 

The boundary condition at z = 0 is determined by 
minimization of the total surface free energy including 
the gradient term which appears after the minimization 
of the volume integral in equation (1).  As a result we 
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730 M. Osipov et nl. 

obtain 

It is now reasonable to go on to consider separately 
the solutions of equations (7) and (8) for both the S, 
and the S, phases. 

3. Surface anchoring in the smectic A phase 
In the bulk S, phase, the cone angle, &, is zero and 

we neglect the cubic term in equation (7), because the 
likely induced tilt is very small. Then equation (7) has 
the explicit solution 

O(2)  = 0, exp (2) 
where <, is the S, coherence length (i.e. the length of 
penetration of the S, phase into the SA phase) 

(10) 

The surface cone angle, O, ,  is determined by the 
following equation, which comes from (8) and (9) 

2L 
5, W,sin 2(#, - 6 )  + 2110, + -0, + 4sO: = 0 (11) 

Assuming H,<< 1 and also 6<< 1, we can rewrite 
equation (11) as 

rhus equation (12) establishes a linear relationship 
between the surface cone angle 0, and the layer tilt 
angle, 6, which is considered to be set by the layer 
shrinkage in the SA phase. It is apparent that if 6 = 0, 
then correctly 0, = O  and the cell will be a simple 
homeotropically aligned S, phase with the layers parallel 
to the walls. On the other hand if 6 is finite. then 19, will 
also be finite, differing from 6 as a consequence of the 
extra terms nlW, and LIWot. 

4. Surface anchoring in the smectic C phase 
In the s, phase, the bulk cone angle, o b ,  is no longer 

zero and the cubic term in equation (7)  cannot necessar- 
ily be neglected. However there is still an exact solution 
to the equation, the cone angle profile being given by 

0, = 0, tanh (: + C . )  
i C  

where 5, is as before, but with T - TAc reversed, that i s  
tC = rL:a(T,,- T)I1”. and C is a constant which is 

related to the surface cone angle 0, through 

The surface cone angle, O,, is now given by 

W, sin2(I9, - 6) + 2a0, + 4B02 = 2L i x 1 -  
(15) 

Then once more making the very reasonable assump- 
tions that 0, and 6 are small, we arrive at the equation 

with y = tL/(, and K = t,/t,, where 5, and 5, are two 
additional lengths which characterize the surface 
properties of the system: 

L 
W, + a 

= ~ 

L g, = -. 
W, 

We note that the relationship between the surface 
cone angle 0, and the bulk cone angle 8 b  strongly 
depends on the parameter 1’. In the case of small y ,  that 
is y << 1, then O, /& N 1 + ~ 6 i 2  - y / 2 ,  so the surface cone 
angle 0, is greater than t)b. By contrast, at larger ;’, 

(19) 

which means d o  < db. 
The important parameter 7 is a ratio of the two 

lengths <, and t l .  An order of magnitude for 5, is known 
from our earlier work [14]. That study showed the 
surface region to have a decay length of order 0.1 pm 
which for the moment we take as t,, which we note is 
much larger than the molecular scale of order 
3 x 10-4pm. Our problem in estimating y is that is 
unknown and so we may only make some rather crude 
estimates. 

We take the elastic constant, L, to be of order 

L -  U,12 ( 2 0 )  

where U ,  is a typical intermolecular interaction energy. 
The constants a and W, in equations (17) and (18) have 
the meaning of some interaction energy located at the 
boundary. within a thin boundary layer. Thus 

where g is the thickness of the surface free energy 
boundary layer. Normally the surface free energy is 
defined within one or two molecular lengths: thus 
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Coherence length of a smectic I,C 73 1 

and tz are estimated as 

Hence we expect 

t; y - " > > l  
1 

We note that in practice equations (21) and (22) over 
estimate the value of the parameters W, and u. For 
example, the estimate W, - U,l corresponds to the 
strong anchoring case which may occur on an ideal 
structureless surface. In our system, the surface is covered 
by lecithin which gives rise to a weaker anchoring. This 
means that the lengths may be larger than 1. 
Nevertheless it is reasonable to assume that is still 
smaller than 5,. Thus, in general we conclude that y > 1 
and tlo/&, is given by equation (19), that is 61, < db. Of 
course, if in the SA phase 6 is finite, then as we cool into 
the S ,  phase we go through a condition where 8, = 8, 
before further cooling takes us into the region 8, < 0,. 

We now go on to fit our homeotropic data with the 
above model. 

5. Fitting data to obtain tC 
Three cone angle profiles at T =  55.1, 50.0 and 448"C, 

determined by fitting data [I 141 for the homeotropically 
aligned (lecithin) S: material SCE8, are shown in 
figure 2. A typical set of polarization conversion 
reflectivity data fitted by the simple modelling theory is 
shown in figure 3. The theory curve (full line), which 
gives profiles as in figure 2, fits the data extremely well. 
By using equation (13), we fit these profiles to give f?b, 

tc and C (or Q,) at the three temperatures. The 
determined parameters are given in the table. 

6. Discussion and conclusions 
The data presented in the table indicate that the 

surface tilt angle 0, is smaller than the bulk tilt angle 
Qb. This result supports the relation (19) and we conclude 
that the parameter y is greater than unity, i.e. the 'surface 
length', 5 ,  is smaller than the S, coherence length t,. 
We also conclude that the simple lecithin coated surface 
promotes SA ordering and not S,. This can be explained 
naturally by appreciating that one needs additional free 
energy to tilt the alkyl tails of the lecithin molecules at 
the surface. (The tilt will decrease the packing entropy 
of the system of tails which are on the average perpendic- 
ular to the surface.) By contrast, experimental data 
indicate [22,23] that the free surface promotes S, 
ordering when the bulk is in the SA phase. In the free 
standing SA films studied [22,23], the S, phase starts 
at the surface and penetrates into the bulk of the 
SA phase. 

4 ] , , , 1 ,  I t )  

0.2 0.4 0.6 0.6 1 .o 
Di, / micrometres 

0.0 

Figure 2. Cone angle against the distance, D,, from the 
surface of a homeotropically aligned (lecithin) S z  material 
(SCE8) at temperatures of 551°C (curve 1), 500°C 
(curve 2) and 48.8-C (curve 3), respectively. All three 
curves are determined by fitting the experimental data 
[ 141 using multilayer optics modelling theory, with the 
liquid crystal layer broken into a set of thin layers, each 
with its own director tilt. The resulting high quality fit 
gives the cone tilt angle profiles shown. 

OalOl 
h 

3 
5 0 . 0 4  u 
P) 

Q) 

2 

4 
'H 

E 0 . 0 2  

0.00 
51.5 63.6 55.5 57.6 59.6 61.5 63.5 65'.5 

Internal angle / degrees 

The experimental data (crosses) and theoretically 
fitted results (full line) for polarization conversion 
reflectivity at a temperature of 55.1'C in a homeotropically 
aligned SCE8 cell. The fitted parameters of the geometry 
are: wavelength ,I = 632.8 nm, pyramid and upper glass, 
E = 3.2400, liquid crystal E~~ = 2.6580 + i0.0006, cI = 
2.1960 + i0.0003, thickness 3.33 pm, substrate, E = 2.1415 

Figure 3. 

c 141. 
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732 C'oherence lerigth of a smectic LC 

Table. Parameters obtained using equation (13) and fitting the 
profiles in Fig. 2. 

7 c  (4 i c  Pm 0, 00 4' 
~~ 

5 5  1 9 5 + 0 1  O 1 2 F 0 0 1  4 5 k 0 1  0 4 7 k 0 0 2  
500 1 1 5 + 0 1  0 0 8 i 0 0 1  6 1 k 0 1  0 4 9 k 0 0 2  
448 1 4 5 k 0 1  0 0 7 i 0 0 1  7 5 k 0 1  0 5 1 + 0 0 2  

We also note that the ratio of the surface to bulk tilt 
angle is about 1/2 and is approximately temperature 
indepcndent within thc investigated range. This rather 
large ratio for O,/Ob can be explained through equations 
(16) and (19), assuming that the 'surface lengths' and 
<- are both of the order of the coherence length tc, but 
smaller. This of course makes El and t2 much larger 
than our estimate of a molecular length. 

In this case the parameters i s l  and K~ are of order 1 
or a little more. Given then that 6 is typically less than 
z 0 4 3 (  2-,). we find 1' = f&/8, = tc/tl. Thus we arrive at 
the conclusion that the ratio of the surface to bulk 
director tilt anglcs, obtained by fitting the optical data. 
is a direct estimate of the ratio of the surface to bulk 
coherence lengths. 

The large value of the surface coherence length indi- 
cates that the elastic forces which act on the nematic- 
like director at thc surfacc are quite weak, i.e. the 
constants W, and rz are small. This corresponds to the 
case of weak nematic anchoring. 

In conclusion. we havc used the very powerful half- 
leaky guided wave technique to determine the director 
profile in a homeotropically aligned S: cell. The experi- 
mental data have been fitted using a simple continuum 
theory of the Sc phase which takes into account the 
balance between the anchoring strengths of the director 
and of the smectic layering at the surface and the energy 
associatcd with the tilt of the director with respect to 
the density wavevector. In this way we have determined 
the coherence length for the penetration of the S, phase 
into the S, phase, the spatial variation of the cone angle 
near the surface and the ratio of the bulk to surface 
cone angles. The simple lecithin coated surface has becn 
seen to promote SA ordering with a characteristic 
coherence length only half that of the bulk coherence 
length. 
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