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Abstract

We consider the optical study of the phase grating preduced in a
convective shear flow instability in a nematic film, using the diffractien
pattern of a parallel laser beam, incident normally or oblically on the L.C.
cell. In normal incidence, using classical déscription for phase gratings
in optics, we describe quantitativély the time variation of the vertical
component of the nematic distortion when a periodic shear is applied to
the film. The oblique incidence study 1eads to the determination of both

‘the vertical component and the horizontal one in the plane of the cell.




Réseau de phase créé par wne instabilité de cisaillement

dans un nématique

Nous &tudions optiquement le réseau de phasé produit dans une
instabilité de cisaillement d'un £ilm nématiqué planairé, en utilisant la
diffraction d"m faisceau laser qui arrive sous wme incidence normale cu
obliqué sur 1e film, Dans le cas de 1'incidence normalé, la variation
témporéllé de la distortion, sous 1'effet d'un cisaillement alternatif,
est décrité.quantitativéméﬁt en utilisant des résultats classiques de
réseaux de phasé. L'étude en incidence obliqué pérmet aussi ine détermination

de la composante horizontale, le long du éisaillémént, de 1a distortion.




I - Intreduction ; convective instabilities in nematics

Nematic liquid crystal films offer a rich variety of convective
instabilities, which develop in the presence of a large encugh destabilizing
agent : an alternating electric field, a temperature gradient or a shear
applied between the parallel plates which contain the aligned materia1(1).
The local average difettion of the molécular axis is chéracterized by a
unit vector E, the director. 7 is also the optical axis c¢f this positive
uniaxial material. A regular roll instability can be obtained due to
circular flow patterns across the cell. Due to the coupling between the
molecular crientation and the flew, a périodic distorticn of the mclecules
takes placé,nand an optical study of this régular structure 1s appropriate.

| Figure 1 gives the velocity and distortion pattern for a typical thermal
or électrohydrodynamic instability.

Several authors have considered the diffraction pattern produced
by a beam incident on such a grating cbtained in éléctrohydrodynamic insta-
bilities. The study by Carroll(z) extended by Kashnow and Bigelow(s), concer-
ned the low fréquency field 1imit (Williams régime) with rolls having a
wavélength,A comparable with thickness (d ~ 10 to 100 microns). The work
of Galerne[4) applied to the so called”chevron?regime in the presence of
a high,frequéncy field ; the wavélengtth can be continucusly varied to
values much smaller than d. He cléarly pointed out,ifqgﬁs qualitative study,
the existence of two types of effects : one due to the electromagnéfic field
radiated by the dipolés along A and involving#ﬁspatial period A and one due

to the phase grating produced by the phase modulation of n of spatial peried A/2.




In this work, we apply these nctions to a quantitative study

of the periodic distorted structure involved in a shear flow of a planar

boundarle?along the x direction
v,

parallel to the limiting plates z = * d/2). The shear gradient s = §EX

- + - -
nematic (n is strongly aligned,at the

is constant across z. A detailed discussion of the instability has

been given elséwhére and will not be reviewed here. We will concentrate
on the optical aspect of the characterization of the distortion which
involves both a component of n out of the plané Xy, n, (<< 1) leading

to the phasé grating in normal incidence, and a component ny (<< 1) along
the flow direction.

An.altérnating:shear is applied by displacing periodically
the upper glass platé while kééping the lower one fixed as well as the
spacing betwéén the plates where the liquid crystal is maintained by
capillarity. The périodic resulting distortion of the director calculated

with time on figure 2.

in (5) is givén'in terms of the variation of ny, and n,

Thé curvés aré charactérizedrby thé ratic (Ty/TZ) bétween the time constants
for spontanéous rélaxation,of‘thé distortions ny and n, (in the absence of
the coupling Between these variablés, which triggers the instability).

These variations corréspond to the so called Y node {only ny goes to zero
through a périod of the shear. A geométrical description of the variations
of 1 inside the shear céll is givén schematically in figure 3 for the

Y modé.




IT - Experimental

A schematic view of the shear flow cell is given cn figure 4.
A narrow parallel laser beam (5 mw He-Ne 3 A = 0.63y) is incident perpen-
dicular (P) or oblically (0) on the cell. In each case we cbserve, on a screen
normal to the béam, two series of diffraction spots, imaging the regular grating
formed by the rolls aligned along y, around the central spot (IO). A first
intense series (I}, IZ’ -++) 1is separated half way between then by a much
weaker cne (ij, i2’ «+.). The diffracticn angle P 1s related quite génerally

to the pericd of the diffraction structure P by :

sinp = np/P
the wavelength of the laser beam A= 0,63
n is the order of the Spot.
The intense series correspends to a périod equal to the width of a roil
(which is néarly equal to the thickness of the liquid crystal fiim)°
If we assume that thé weaker seriés also contributé to the inténse péaks of
even order spots, we find that it corrésponds to a spatial period P a 2d
twice as largé as thé former one, Wé will discuss the origin of these two
series in III,

The inténsity of the diffracted spot is read using a photo cell
linear in inténsity and 1is recordéd,togéther with the displacement of the
cell along y. A typical recordlng of the 1nten51ty of the central spot I
and of Iy together with the dlsplacement D is glven as a function of time
on figure 5. If the shear rate s = 2 D x/T where T is the périod of the
flow, is small enough_(curves aj), the 1nten51ty I is constant and the

1nten51ty of the dlffracted peaks is zero as ne convective instability is present.




Just above threshold (curves b) a diffracted intensity 11 function of time
appears, and IO also varies with time. Point B where the shear changes sign
-corresponds tc the maximm distorticn of the liquid crystal pattern whereas
point A is a point of minimum distortion n, (see figure 2). When the shear

is further increased (curves c) the variation of the distertion also increases
but the variation of I1 becores more complex. This point will be analysed in

part III.

ITT - Diffraction study

1. Periodicity
The existence of twe series of diffraction patterns has already

been ‘discussed in the case of électrohydrodynamic instabilities in liquid
crystals(B}(4}wéid we summarize these results.

a) Eirst order series : for the weak spots, the spatial wavelength is A.
This impliés that the effect of the diréctor cemponent n, is opposite in
points a and b of figure 1 and should be of first order in_nz. This
diffraction pattérn is due to the uniaxial character of the medium of
finite thickness and can be wderstood as due to the emission by elementary
dipolés along the avéragé molecular direction. In this case, the distortions
nz(x) and nZ(x + A/2) give different contributions to the diffraction pattern.
In the limit of small distortions, the order of magnitude of the amplitude
of the two first diffraction spots, as obtained in the electrchydredynamic
case is proporticnal to n_y (ng Y? for the inténsityj. Such a dependence
was alsc obtained in (3} by considéfing the optical path of cblique
(in plané Xz) parallél light. The difference between the optical path
for Tays passing through.régions a and b contains a first order contribution

proporticnal to ny .




b) Second crder series : The intense spots (Ii’ I,5 ...) are asscciated
to a phase grating structure of spatial period A/2, caused by the variation
of birefringence of the nematic as n_ varies. The order of magnitude of this
series is givén by n;. This second order term also gives rise tc the forma-
tion of focal lines (stars on fig.1) of périod A/Z(ﬁ), formed alternatively
above and below the plane of the layérs, which are sometimes used to charac-
terize the instability thresheld,

In the éxperiment by Galerne on the "chevron' regime of the
électrohydrodynamic instability, the wavéléngth‘of the roll structure
could be made much smaller than the thickness d « 30 u. The angle ¢
is rélatively largé and, near thréshold, the first order spot, iT is
more intense tﬁan thé_??f?“d order one IT' The first order effect is
not reportéd,in the work by Carroll[zj because it is weak, except very
near threshcld, as soon as the wavéléngth.of the pericdic pattérn becomes
large. This is also the case in our work where sin ¢= 1/300 and the
first diffracted péak.i1 muich weaker than the 11, IZ’ ... Series except
possibly‘very'néar threshold. For this réason, we will consider only the

series of more intense peaks and examine cnly the phaéé grating mechanism.

2. Phase'grating'dlffraCtion pattern(7)[8)

We present theoretical and experimental considerations on the phase
grating diffraction, The cases of normal and oblique incidence will be
studied.

a) Normal 1nc1denceﬁFourler formalism
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If a plané wave of unit amplitudé is incident on a grating, the

opticalifiéld distribution just past the grating may be calculated as a

fimction u(x). The diffraction pattern of the grating at infinite distance

is the Fourier transform of u{x). An équivalent approach is to calculate




u(x) as a superposition of plane waves. Fach spot of the diffraction pattern
can be shown to be the Fourier transform of cne of these plane waves.
The main peint of the diffraction calculus is then the determination of u(x,
generally known as''the amplitude transmittance of the grating”.

In the case of normal incidéncé, following (13), we express
u(x) as-:

d/2
ufx) = u, exp ik J neff_(z)dz
-d/2

with

A béing the incident wavelength,
That expréssiéﬁfﬁéy be calculated using the usual definition of the

effective indéx n

eff
1 _c¢os?o 4'_'sinze
n T nz . n?
eff e 0

In our case, & is shown to be the director angle, and assuming a sinusoidal

variation across z it is described by :

- . Iz
g = eo.cos T ces qu

with

= 21
qX—.A L]




Suitable approximations give :

n, (ne+n0) X , TZ \
= T - .cos? =2, cos?g x
n n (no ne)e d A

2 n?
0

and the expressicn of the amplitude transmittance of the grating :

_ . . ”
u{x) = u, exp [ik ned] explig cos qxx]
with
_ k ne (n0+ne) 2
¢ = '2‘ —'—'-2-'"—1:;-——. (nOHne) eo-d
0

The diffraction pattern is given by the Fourier transform of u(x), and

can be calculated using the formula :

o +oo .
expLim cos al= J expli n(a+ %)] . J, (m)

}=—co

where Jn is the nth" order Bessel fimction.

One should note that,if the left side of .this éxpression is considered as

a complex—shapéd wavé, the right side givés its décomposition inte an infinite
superposition of plane waves of amplitudé Jn(m). Substitution in the expression

cf u(x) givés :
oz
u(x) = u, exp Gk ned - %)] E expli n %]e)@[i 1 ZqXXj Jn(%)
=

th

The o plane wave of that decomposition givés the n spot of the diffraction

pattém whose amplitude is given by :
Ay = ug explitoy d < Drexplin w/213 (¢/2)
Its :'mténsity is :

Io = a7 = 1111272 @/2)




l[uo[lz is an unknown ccefficient that is the same for any order.

It is of no interest in our case, and intensities may be normalised
in order to get wnit intensity of the zeroth order diffracticn spot

in the absence of instability. The functions JS(¢/2) and J%(¢/2) are
plotted on figuré 6b. Their shape will provide qualitative explanation

of further éxperimental results.

b) Nermal incidénce - Eggerimental
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Thélfimé dépénﬁéncé of the inﬁénsity in the zero and first order
spots of the diffraction patterns is plottéd on figure 5 together with
£he displacémént of the uppér plate. Curves show typical shapes that can
Be qualitativély éxplained using Jé(¢/2) and J§(¢/2) (see figuré 6a) .

On fgéﬁéé 5h, éﬂéréhear is just above threshold. At point A, the
inténsity of the zeroth .order spot is maximum and close to unity :

Parameter ¢ is at its minimm value. It increases with time up to a maximum
corrésponding to point B. Inteﬁsity in the zeroth order spot is then minimum
while it is maximm in the first Qrdér spot. At point B, the shear changes
sign and ¢ starts déCreasing.again down to a minimm distortion corresponding
to the initial one at point A.

When the Shéar is increased {(Figure 5c¢) the variations of intensities
may be more complicated. At point A , ¢ takes its minimum value. I, is maximum
and is nearly équal to one while 11 is minimum. From this point ¢ increases
with time. IO décréasés to a minimm close to zero at peint C. I increases

to point D corrésponding to the maximum of.J?(¢/2) and then decreases to point C.




At point C, the shea; changes sign and,Jé(¢/2) and J%(¢/2) follow an opposite
variation corresponding to a continuous decrease of ¢ to its minimum value.

A more quantitative work can be done on these curves, in order to
recover-the parameter ¢ from them. This determination is plotted on figure 6 b
as.a function cf time, using the numerical values of figure 5 c.

One should note that the maximum normalized value of I1ithat should be 0.34
at point D, is experimenfally found to be 0.28 in this experiment.

We have normalized the intensity values 11 m order to get the correct
value of the maximum rather than just to the maximum of IO (The difference
can be due tc "parasitic forward light scattering by small particles" menticned
in Carroll work. This effect was so 1argé in his éxperiment'that the central
peak intensity could not be used to study the diffraction pattern).

On the samerfigure, we give ﬁhe variations of n, calculated from the data
cf fig.2 for a value 0fﬂ1;/Té%.74,evaluated independently for this experi-
mentig). The agreement is good and shows well the assymetry between the
down and up parts of the curves due to the difference between the time

consfants T and T .
v Zz

On Eig.j; we hﬁve plotted a series of determinations of the
paraméter ¢ (proportionnal to né); using the two first diffraction -
orders and following the method described in Fig.6. The sample thickness
was 150p and the shear was progressivély decreased down to the threshold
value 5.+ The 1inear variation is consistent with a "mean fieléf'behaviour
which should apply to the déscription of these instabilities. We have also
indicated a value of the avé:agé distortion deduced from that of ¢ and
from the knowlédgé of the refractive indices. This rather small value
éxplains the good agréément between éxpériménts and the Fourier théory

which‘ignoré strong deflections of the optical beas.
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Let us emphasize that we consider these experimental results as only
preliminary. A more detailed study can be performed and the variation of the
shape of the above curve easily cbtained from the application of a high
frequency electric field (which decreases TZ and possibly leads to an
interchange of the ny and n, variations(S)) or a low frequency one (which

increases TZ and would give variations of n, more assymetric as well as of

smaller amplitude.)
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The laser beam is now oblically incident with respect to the
plane of the rclls (fig.g) ; the plane of incidence being parallel to
the rolls (outside the cell, the wavevector k = 0, ko sino, ko coso, ).
We use only the extraordinary component of light (polarization —13 aleng x).
The oblique laser beam should be sensitive both to the I’S, and n, distortion.
In the limit of small deformations and using a weakly oblique beam (& small),
the z component of the wave vector within the cell is given by : 7

S . ne(ne+n0)
z

{(n.-n )(n_ cos§ +1n_ sind)?
coss © an c ooz Y

where § is the incidence angle within the 1ayé;r § = %-—
[<3

The phase shift of the extraordinary beam across the sample is

-ko n, (ne+n0)
coso 2

d/2 o
o= (no—ne) f (_nz ces§ + ny sind)“dz

~-d/2

If we assume, in agreement with the case of normal incidence, that ny and n,

have nearly the same z dependence :

ny’z = nym,zm.cos (qu) cos(m EZT)
One gets :
B(x) = ne(ne+n0) ko (n_-n )cos?q x (n_ cos§ + n_ sing)?
o _Z,né‘ 2.cos§ O ¢ X Ty Yoo

The intensity in the nth spet 1s then :
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1,

with n

an

¢ =¢ (1 +—=tg 6)*coss
0 n,

“m

where ¢O 1s the value of ¢ when § = 0 (normal incidence).
. n . .
It is possible tc estimate the ratio Ex-by comparing the intensity
z

for § = 0 and that for a given small angle §. Using a sémitransparént
mirror arrangement to split the beam intc a nermal plus an obliqué one,

the intensity corresponding to the two values of § can be measured simul~

™
%

taneously. A typical recording of the central spots 1is given on figure ﬁ:*
We note that the variation for the oblique beam shows a strong assymmetry
over two consecutive half periods as the two alternances ny_and n_ of the
Y mode, used in the éxperiment, are no longer symmétrical with réspéct to
the beam direction.

Using the relation between I0 (or Ii) and the corresponding Bessel function,

one gets :

¢O/2 1.4 for § = 0

1]

¢./2

o 1.02 and 2.04 for §& = 5°,

this gives, using the above expression for ¢, ny /nZ = 2.3 and 1.7 for the
, : m ‘m
two half periods. The average between these twc values is of the order of

magnitude of that calculated mumerically elsewhéret10).
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Conclusion

Thanks to the large birefringence of nematics, convective insta-
bilities associated with a pericdic distortion can be studied along the
lines of ordinary phase gratings in optics(g). This description leads to
original informations concerning the hydrodynamics description of liquid
crystals such as the quantitativé déscription of the time variation of the
distortion. We can in turn ask how mxch use can be these elements for appli-
cations in optics. The use of an hydrodynamic instability mode rather than
the éléctrohydrodynamic che, where inhomogéneous distribution of charges

cause strong inhomogeneities in the pattern, ;

VTEEH'to a reasonably hemogenecus and periodic grating. The amplitude of
of thé distortion and, for certain medés, the spatial pério&icity can be
adjusted at will, It is”possiblé to use rather thin cells (v 30yu) where
the absorption of light and the difficulties arising from finite thickness
éfféctS can he minimized. The obstacle due to the existence of moving parts
can.bé ovércomé, at least for fundamental studiés, in Tecent high frequency
shear studiés(j])Cjzj where the total displacément is limited to microns.
We may evoke possible commections with applications in optics : beam
deflectors, grating couplers(lz) and distributed laser structurés(14)
in.integratéd,optics‘ (in the latter case it is known that the
threshold of dyés is strongly decreased near the nematic transition).
Métérials wiich are only weakly absorbant and strongly birefringént
in the nematic rangé are now available (tolanes). Véry thin 1ayérs
should be used in erder to reduce the viscosity limited rélativély
long time constants of the devices. We also feel that the use of the
hydrodynamic instabilities rather than the éléctrohydrodynamic one

can lead to very regular grating structures over 1argé areas Cﬂ cmz).




