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Abstract

Some computations about the reflectivity of a light wave incident
to an anisotropic and inhomogeneous medium are reported here. To explain
experimental results concerning a nematic liquid crystal distorted by

h),

simulating the global losses in the propagation of the electromagnetic

a Poiseuille flow, we introduce an absorption coefficient (f = 10°

plane wave. Maximal tilt angle and surtace tilt angle are simultaneously

revealed by two "eritical angles.

I. Introduction

1)

In a previous article( , we had shown the possibility of determining
anchoring energies in a nematic liquid crystal from critical angle measu-
rements. We had therefore supposed the optical homogeneity of the medium,
which happens when the tilt angle variation within the layer is slow
enough over a thickness equal to the penetration depth of the evanescent
wave in the nematic liquid crystal. In general, we must take the dis-
tortion of the director in the vicinity of the surface as well as in the
bulk into account, and study the optical reflection on such a distorted
medium. We report here some computations about the reflectivity for a
light wave incident to an anisotropic and inhomogeneous medium, and
experimental results concerning its application to a Poiseuille flow study

in a nematic liquid crystal cell.
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II. Theoretical analysis

We consider a monochromatic homogereous electromagnetic plane wave
falling ©onto a plane boundary between two media : the former
is an  isotropic and homogeneous medium and the latter an anisotropic
and inhomogeneous one (s liquid crystal distorted by an external field
for example). The exact and theoretical letermination of the reflectivity
is quite difficult and we solve the problem by studying the reflectivity on
birefringent multilayers. It is obvious that the number of layers used
in our computations depends essentially on the anisotropic gradient
index in the liquid crystal. We consider here a uniaxial and anisotropic
medium and suppose that the orientation of the optic axis remains in the
incidence plane ; therefore, for a T.M. wave, only the extraordinary wave
needs to be taken into &ccount(z).

The geometry of the liquid crystal is defined as follows (Fig. 1):
birefringent multilayers (the total thickness is d) surrounded by two
isotropic, homogeneous and semi-infinite media (index N). These layers
may be absorbing and their principal refraztive indices are complex

gquantities:

5

n_- iy for the ordinary wave
o o

=24

1

and n - ixe for the extraordinary one.

e €

The equations describing transmission through and reflection from

birefringent multilayers come from the Maxwell equations and the coupled-

(3)

finite sequence method, used by Holmes and Feucht , and extended to
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absorbing layers is convenient to solve the problem. The numerical
calculations have been carried out on a 370/168 IBM computer.

The number of layers (NC) used in our computations depends on the
geometry of the distortion in the liquid erystal cell, and particularly
the gradient index in the inhomogeneous medium. To avoid difficulties

due to phase changes between two successive media, asymptotic solutions

for the reflectivity have been always looked for. Another problem comes
from the intense light scattering due to thermal fluctuations of the
molecule orientation in nematics. In order to simulate this phenomenon,
we introduce a strong absorption coefficient, thus describing all the
losses in the propagation of the EM waves in the liquid crystal:
absorption scattering due to the director fluctuations , scattering due
to the roughness of the surfaces, static defects in the sample. To
determine the values of the imaginary part of the refractive indices
(the parameters)(o and ]( e), we have performed an experiment with no
distortion (the case of an anisotropic and homogeneous medium) and
compared experimental results and computations obtained for different
values of)(; the best agreement occurs fox')( = lO-h, but this value is
nor critical (similar results are obtained for;( = 2.10_h). Such a
description is not physically rigorcus but allows to explain the
experimental results. The corresponding attenuation constant is 21¢cm“1
in agreement with*other experiments concerning the losses of a nematic

(b)

liquid-crystal optical waveguide . A more complete and exact formula-
tion would be to choose different values for)(o and )(e, taking into
account different scattering geometries, because it was found in expe-
riments performed on MBBA that the intensity scattered depended on the
(5)(6)(1)

angles between the director and the electric field
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Now we consider a nematic confined between two parallel plates
suitably treated in order to orient the optic axis perpendicularly to
the layer (homectropic configuration). When e Poiseuille flow occurs within
the cell, the director alignment is modified. To describe this deformation,
we make several assumptions:

i) the boundary conditions are imposed (strong anchoring forces)

ii) the three elastic constants provided from the continuum theory

(8

are equal: K11=K22= 33"
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iii) the director remains in a plane perpendicular tc the layers
(i.e. the incidence plane previously defined and corresponding to
the flow direction)
The competition between the elastic and viscous torques leads to an
equilibrium state given by the equation:

dze(z) dvx(z)

(1) K + a =0
d22 2 dz

where 8(z) is the tilt angle defined with respect to the Ox axis (Fig.2),

o, one of the Leslie coefficient and vx(z) the velocity {we suppose weak

deformations of the director: ® << 1 ). If n, is the shear viscosity
corresponding to the geometry of the cell ( n= % [}a2+ah+a5] Y, we

obtain from the Navier-Stokes eguations:

Vo= pg
(2) z

pr = n¢AV

Then we find for the velocity:

(-9_p)a®
(3) v (5) = —X— (1 - 3
x 8n,

2z
where d is the thickness of the cell and %z defined by: & = — .
d
From (1) and (3) we obtain:

(%) 8(3) = - — 0 :2-1)
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where emax represents the maximal tilt angle:

- 3
. ( pr)c.zd

max 7 2 /§- rl_LK

On the other hand, we obtain from (2):

pg Ah

L

where L is the length of the cell, p the specific gravity of the liquid
crystal and Ah the pressure difference between the two ends of the cell.
Then we can write:

pgd3a2 Ah
(s) g  =-—

mEX 12/3 nyKL

We note that for a.< 0 and V.p < 0, 6 > 0 and the geometry
2 X max
scquired by the molecules of the liquid crystal is given in Figure 2.
If we take d = 100 pm, K ~ 10'6dynes, o~ lg/emS, L =h cm,

Ah = 1 mm H20 and (ae/nL) ~ 1, we obtain:

%} ~ 11 degrees
max
We think this model valid for weak deformations and we shall see
that experimental results agree with it. For a more complete analysis of
the problem, we must take anchoring forces into account and solve the

general problem of a Poiseuille flow in the nematic cell,
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III. Experimental data

The Poiseuille cell was formed by a glass prism and a plate, the
index of which is N = 1.9250 for the wavelength A = 0.5145 um(Schott glass -
LaSFN18). To obtain a good homeotropic alignment, a surface treatment was
achieved with an appropriate surfactant (lecithine solution in ethanol).
Tungsten wire spacers provide a constant thickness over all the cell znd
limit the hydrodynamic flux (this thickness was controlled by interfero-
metric measurements). Then the cell is sealed with epoxy. The upper
plate contains two cavities which act as reservoirs of liquid crystal
and serve to prevent the formation of & meniscus inside the cell (Fig.3).
Pressure measurement and regulation are identical to those used by Janossy,
Pieranski and Guyon in their experimental study of the instabilities in
nematics(9): the flow is induced by applying a pressure difference
between two small tubes connected with the upper plate; the accuracy is

about 0.25 mm H_O on the pressure difference Ah.

2

The liquid crystal used in our experiment is the 4-cyano-}4'n-hexyl-
biphenyl (6CB) obtained from BDH, the mesophase range being between 14°C
and 29°C. All our measurements have been made at the ambient temperature
(T ~ 20°C) and the corresponding refractive indices, obtained from
critical angle measurements(z), were:

n, = 1.544 + 0.001 and n_ = 1.709 + 0.001

We have verified that these values were constant during all the time
of the experiment, what is realized when AT < 0.3°C (for T ~ 20°C, the
thermal gradient index An/AT - 3.10_3/°C).

The incident light comes from an argon laser used for the wavelength

A = 0.5t45 um. A half-wave plate can be used to change the polarisation
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if necessary. To reduce the beam divergence, the laser waist is put on
the level of the interface prism—liguid crystal by means of a single lens.
The resulting beam divergence is lesg than 1' of arc. The experimental
arrangement is very similar to that used in the determination of liquig
crystal refractive indices, but photometric measurements were achieved
with a PIN-10DP photodiode; the resulting absolute accuracy is 0.0l on

the value of the reflectivity.

IV. Results and discussion

Experimental results are given in Figure 4 for different values of
Ah; we find that interference fringes are not visible in the undisturbed
medium and this is due to the light scattering and the thickness of the
cell. Now when a distortion occurs in the liquid crystal, due to the flow
in the cell, the reflectivity R is strongly modulated versus the incidence
angle i and fringes appear, the number and the angular spacing of which
depend on Ah. Moreover, there exists an incidence angle im’ corres-—
ponding to the complete disappearance of these fringes and easy to detect
(visually or by means of a detector); the accuracy in the determination
of im is about 1' of arc. To explain this phenomenon, we consider three
cases (Fig. 5):

i) i> iQ: if the incidence angle is greater then the angle corres-
ponding to the homeotropic configuration (defined by: n, =N sin iz),
the light is totally reflected by all the layers present in the liquid

crystal.

ii) il >i> %n: then the light is partially transmitted in the first
layers but there exists several layers inside the cell on which the
incident wave is totally reflected. The angle im corresponds to the

maximal deformation of the optic axis emax and is given by:

2. _ 2.2 2 2
lm = no sin~ 8 +n cos ©

2 .
(6) N'sin max e max
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iii) i < im: the light is transmitted through all the layers and
reaches the last interface defined by the upper plate. The fringes
resulting from the interference phenomencn between the two plates are

not very visible because of the light scattering in the nematic cell.

In our experiment, the total thickness was:d = 97 + 1 um, and the
maximal deformation Omax occured in & layer at a distance of 20.5 um
from the interface prism-liquid crystal. We note this distance doesn't
depend on Ah.

In order to confirm our hypothesis, computations have been achieved
by means of the previously described method. The results appear in Figure 6

for the following values:

n = 1.54k2 - 0.0001 i
n, = 1.7084 - 0.0001 i
N = 1.925

d =97 um

emax = 10.3 degrees.

The corresponding critical angles are:
i = 62°33’
i = 62°1h
m

The computations agree quite well with our measurements but we must

make a few remarks about them and discuss the influence of the different
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parameters on the numerical results. A siight increase of emax produces
expansion of the fringes but doesn't affect their amplitudes; if the
variation is stronger (when the pressure difference increases fringes appear
more numerous between il and im.Now if we modify one of the refractive indices,
n_, the corresponding effect is a global translation of the entire curve.
A most delicate point remains the value of the parameter X previously
defined as the imeginary part of the refractive indices of the nematic
liquid erystal. In the case of strong attenuations( X'Vlo—z), the fringes
are no more.visible and for weak agttenuations( X'»lo's), the modulation
increases. The limit ¥ = O corresponding to an anisotropic and non-
absorbing medium also produces the disappearance of the phenomenon
because the total reflection is not attenuated, the gradient index being
not sufficiently important to consider the medium as an inhomogeneous
one. Then we can say that the fringes are revealed by the scattering
of the light in the nematic cell, simulated by the introduction of the
parameter Y in our computations.

We have shown it was possible to measure the maximal deformation
of the liquid crystal (amax) as a function of the pressure difference
between the two extremities of the cell {Ap, or Ah), the results are

given in Figure 7 and in the following table:

An(mm H20) emax(degrees)
0.5 T.1+ 0.k
1.0 .4+ 0.3
1.5 19.3 + 0.2
2.0 26.6 + 0.2
2.5 33.9 + 0.2
3.0 1.1 + 0.2
3.5 47.8 + 0.2
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The value for Ah = 1 mm H20 is different from the one previously
given (10.3 degrees) because of the uncertainty on Ah and also becanuse
the temperature of the cell was different in the two experiments; for
this latter reason, it would be interesting to investigate the temperature
dependence of the tilt angle 6 .
max
When emax > 10 degrees, we cannot assume 6 << 1 and the previous

model is no more valid: we must replace the equation (1) by the following

one provided from the Eriksen-Leclie equationélo’ll);

) , % a ,
(K11sin 0 + K33cos 8) —+ (K33-K11)sin6c0560——)
dz dz
av
+ (a2c0529 -a sinza) Xy
3 dz

Moreover, the viscosity n used in the equation (2) is different
. . ) . (12,13) i . N
from the Miesowicz viscosity ng . The effective viscosity 1is
1
: 3 = — + .
intermediate between n, and ny (where qy , (a3 ah+a6) ). However,

it is possible to deduce an accurate value of the ratio az/nl_from
these measurements (the initial slope of the curve giving Ah as a
function of emax):

a,/ng = 1.23 + 0.07

Other experiments would be necessary to determine the maximal

value of 8 which is the angle defined by tg26
max ma.
(1b)

< = a2/a3, and first

determined by GHhwiller on MBBA . We could also study the influence of
the anchoring forces on the deformation of the liquid crystal molecules,
using higher differences of pressure, in order to analyse the director

field in the boundary layers. For all these reasons, we think our method
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provides a convenient and original tool to investigate hydrodynamics

problems in nematics.

V. Conclusion

In this work, we have presented a new optical method to analyse
the distortion of the liquid crystal in the case of a Poiseuille flow.
The interesting point concerns the possibility to observe independently
and simultaneously the surface behavior and the bulk behavior of the
director,clearly demonstrated by the existence of the two critical
angles: il and im. We hope these results will stimulate further

experiments for a better understanding of physical properties of liquid

crystals and particularly their surface properties.
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Figure 1: Schematic diagram showing the model used in the computations.
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of the cell).



D. RIVIERE and Y. LEVY

190

‘ITe2 9ys ur sanosTow Teyskid PImbIl auy Jo uorywiusssadax

Furpuodsa2aI00 pPUB Z 2JBUTIPJIOOD PIJNpat snsdaa g oT9ue 3TIL g wpzwﬂm

v/ / -
|
” |
\
\ |
X _ _ 3 _ _ ™ Xewg
«— — - - 0 __
/ 0>d*a _ !
\ XMCLQ H |||||||
| UOI}2341Pp MO}} |
/ l
|
z

€T0¢ Areniged €2 0€:€0 e [o1pey pue sweisAS [04u0D Jo AisleAiun amels Yswo 1 ] Aq papeojumoq



Downloaded by [Tomsk State University of Control Systems and Radio] at 03:30 23 February 2013

APPLICATION TO A POISEUILLE I'LOW IN A NEMATIC LIQUID CRYSTAL

tungsten wires

éY/ZZ/77/7/////C/§////////////

O O
] /
7/1_._

[T

reservoir
pP+Ap p
i A
upper plate

-t \\1 -
N ’

/ /] ———— U
/ s

S / / /
direction

/ / yd /[ of the flow
LS

~_l

glass prism
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Figure 5: Diagram explaining the propagation of the wavelight through

tne layers for different incidence angles.
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