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TALBOT ASSISTED PATTERN FORMATION IN A LIQUID CRYSTAL
FILM WITH SINGLE FEEDBACK MIRROR

ENRICO SANTAMATO
Dipartimento di Scienze Fisiche, Universita di Napoli, Pad.20 Mostra d'0Ol-
tremare, 80125 Napoli, Italy,

ERNESTO CIARAMELLA, MARIO TAMBURRINI
Fondazione Ugo Bordoni, via B.Castiglione 59, 00142 Roma, Italy

Abstract We investigated experimentally the spontaneous formation of reg-
ular patterns of filaments in a laser beam traversing a thin liquid crystal
film placed in front of a single mirror. The transistion from hexagonal to
roll-like pattern was experimentally investigated as a function of the laser
beam incidence angle and mirror distance. Square patterns were observed
by inserting a thin slit behind the mirror. Our observations strongly support
a simple model for pattern formation based on Talbot effect.

INTRODUCTION

The spontaneous formation of transverse spatial structures during beam propa-
gation in nonlinear optical media has recently received great attention 1. Poten-
tial applications are image recognition and optical computing, but there is also a
fundamental interest in the phenomenon, because regular structures are formed
spontaneously from noise in dissipative systems. The phenomenon is known as
self-organization. Spontaneous growing of spatial transverse structures in laser
beams was reported when highly nonlinear Kerr media are inserted in a Fabry-
Perot cavity 2. Even more complicate spatial structures as defects or vortex have
been observed when a degenerate four wave mixing with gain is realized in a highly
nonlinear Kerr material (namely a BSO photorefractive crystal) inserted in a ring

3

cavity 9.

127
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The nonlinear Fabry-Perot scheme is complicate, because of the coherence
requirements and of the complexity of the mechanism providing the optical feed-
back, requiring a very careful alignment optimization. For this reasons simpler

systems, based on one backreflecting mirror 4

or even without external optical
feedback at all are of great interest. Nontrivial spatial structures (two-dimensional
dark-solitons) with no external feedback were observed in sodium vapors near the
D; resonance, where the gas behaves as a negative (de-focusing) optical Kerr
medium 2. These structures, however, do not form spontaneously from noise, but
must be initialized by some “seed”, made, e.g., by making the incident laser beam
to pass through a wire mesh. The possibility of forming highly structured hexag-
onal patterns from noise using just a single backreflecting mirror was proved both

164 4nd experimentally in a thin nematic liquid crystal film 789

1 10,

theoretically
and also in K Nb0Oj; crysta,

In this paper we present some recent results on pattern formation obtained
by retroreflecting a cw argon laser beam onto a film of homeotropically aligned
nematic liquid crystal. These results include the study of hexagonal pattern for-
mation with the backreflecting mirror placed at negative distance from the nematic
cell 11, the transition from hexagons to rolls when the overall cylindrical symmetry
around the beam propagation direction is broken, and the observation of square

patterns when the system is fed with a suitable seed 12

obtained by numerical simulations 14,

, confirming recent results

FIRTH’ DE

Consider a thin slice of nonlinear optical medium, characterized by a nonlocal
Kerr-like response to the optical field. When a laser beam traverses the slice,
it suffers a nonlinear phase change ¢ proportional to the beam intensity I. We
assume a nonlocal Kerr response, due to diffusion in the medium. The relationship
relating the nonlinear phase change to the laser intensity is therefore of the form

of a diffusion equation, viz.

9o 0% 0%
¥ pZr _pl¥ —
T 5 lxax2 v 3y + ¢ =al, (1)
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where 7 1s the response time of the medium and, for greater generality, we as-
sumed different diffusion lengths {, and !, along the z- and y- directions in the
plane transverse to the beam propagation axis. The medium is assumed to be
perfectly transparent and very thin so that self-focusing inside the the medium is
negligible. The intensity I = I(z,y) is therefore independent of the z-coordinate.
At steady state and with negligible diffusion, Eq.(1) reduces to the usual local pro-
portionality between the nonlinear phase change ¢ and the beam intensity I. In
Firth’s model 164 it is assumed that the intensity I in Eq.(1) is made of the sum
of the intensity profile I, of the incident beam and the intensity profile I; of the
beam backreflected from the plane mirror, located at distance d from the nonlin-
ear slice. No interference occurs between the two counterpropagating waves. The
optical field @y produced by the beam inciding onto the nonlinear slice is assumed

to have constant phase 1 in the transverse plane, viz.

do(z,y) = \/Io(z, y)e™. (2)

Then, the optical field ug at the exit of the nonlinear film is given by

uo(z,y) = \/Io(z, y)elHvote@vl (3)

where 1, and ©(z,y) are the linear and the nonlinear phase shifts due to the beam
propagation through the nonlinear film. Being 2d the round-trip distance covered
by the beam going to and from the plane mirror, the field u; reflected back into

the film is given by Fresnel formula

ui(z,y;0) = JLilz,y; )V Ev

—%  amid oo inf(x == +(y~y")%}
—e > R // dz’ dyl uo(l‘,, y/)e 2Xd s (4)
—00

If

27d
where ug 1s given by Eq.(2), d is the mirror-to-cell distance, R is the mirror reflec-
tivity, and X is the optical wavelength. In Eq.(4) the functional dependence of u;
on the nonlinear phase change ¢ is explicitly indicated!. The total intensity I ap-
pearing on the right of Eq.(1) is therefore given by I(z, y; ) = Lo(z, y)+ Li(z, y; @),

with I; = |uy|?, so that Eq.(1) is transformed into a nonlinear integro-differential

}Because of the sample transparency, the intensity profile Iy(z, y) of the incident beam remains
fixed
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equation for the nonlinear transverse phase change ¢(z,y). This equation was
solved numerically by Firth et al. 1‘6*4, who showed that, in the plane-wave ap-
proximation (Ip =const.) and above a critical threshold I, in the incident wave
intensity Iy, two-dimensional periodic solutions ¢(x,y) with bright filaments in a
regular hexagonal lattice become stable. In the plane wave approximation Eq.(1)
has the trivial uniform solution ¢ = (1 + R)aly. The stability of this solution can
be investigated analytically by a standard linear stability analysis. It is found that
this solution becomes unstable when the intensity I of the incident plane wave
reaches the threshold value

A k. Q

2aR sin(—4—)

where the lattice spatial frequency Kij, of ¢(z,y) at threshold is given by the root

of the trascendental equation

KZdA _thd/\ di
tan( 27 )= 27 +27r12 (6)

and | = max(l;,[,).

We conclude this section by noting that what is actually observed in the
experiments is not the phase ¢(z,y) itself, but the intensity I)(z,y) = |ju,(z,y)|?
of the reflected field at the sample, as given by Eq.(4). Once ¢(z,y) is known,
the field u1(z,y) can be evaluated from Eq.(4). In the plane wave approximation
(beam waist w much larger than the spatial period A = 27/K of the periodic
phase pattern), u;(z,y) is simply obtained, apart from unessential constant phase

factors, from Fresnel propagation of €*(*¥) over the round-trip distance 2d.

TALBOT APPROACH

The occurrence of periodic structures in the phase (and intensity) of the reflected
beam after having traversed the nonlinear medium can be understood by using
the well known Talbot effect of Fourier optics 15 Let us assume that, after having
passed through the nonlinear medium, a plane wave gains small amount of periodic
transverse phase modulation (PM). Talbot fractional imaging causes the periodic

phase modulation of the wave to be changed into amplitude modulation (AM) by
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free propagation in vacuum. More precisely, if the initial wave is weakly phase
modulated with a phase grating having spatial period A, after free propagation

over a distance

2A°
the wave phase modulation is restored so that initial field at z = 0 is self-

reproduced at planes z,, = mly, with positive integer m. The length Ir given by
Eq.(7) is called Talbot self-imaging length. This remarkable result is a straight-
forward property of Fresnel propagator appearing in Eq.(4). A closer inspection
into Fresnel integral shows that, after free propagation over a distance Ir/4, the

itially PM wave is changed into an AM wave. The amplitude modulation of

AM PM -AM -PM AM
X
I
0 It/ 4 /2 1r3/4 I
lT = 211 AZ/ 7\,

FIGURE 1 Talbot’s effect. n is the refractive index of the medium.

the optical field at z = Iy/4 is in phase with the phase modulation of the field at
z = 0. After further propagation of I1/4, the wave becomes again PM, but out
of phase with respect to the initial field. Again, at distance Ir/4 later, the wave
is still AM modulated, but with opposite phase. Eventually, after the distance
It the initial phase modulation is restored. These passages from PM to AM are
shown schematically in Fig.1. Assume now that a mirror is placed at the plane

z = d = Ir/8. From Fig.1, we see that the field reflected onto the sample is AM
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in phase with the phase modulation of the incident wave. Because of the Kerr
nonlinearity of the medium, the AM of the reflected wave induces a corresponding
phase modulation in the incoming wave tending to enhance the already present
spatial modulation. Thus we see that, according to Talbot model, the mirror-to-
sample distance d determines thé period Ar of the spatial phase grating that can
suffer positive feedback in the medium, because the following condition must be

fulfilled

Ar =+/Ar/2 = 2V/)\d. (8)

When the incident laser intensity I is above threshold for self oscillation, a two-
dimensional index grating having lattice period given by Eq.(8) is generated in the
nonlinear medium.

If perfect cylindrical symmetry is assumed around the z-axis, only three reg-
ular lattices characterized by one given lattice constant K = 27 /A can be realized
on the (z,y)-plane, namely a ripple, a square or an hexagonal lattice. The hexag-
onal pattern is preferred to the square and ripple ones, because it requires less
energy to be created. In fact, inducing an index change in the medium requires, in
general, the expense of some work that must be provided by the incoming light. In
the case of liquid crystals, this work is used to reorient the molecules. The index
change (and, hence, the local work) is very high only near the vertex of the phase
lattice created in the medium, where the light intensity has a local maximum.
Therefore, the total energy that the light must provide to the system is roughly
proportional to the number of lattice vertices falling in the illuminated area A.
This number is A/A? for squares and v/3A/(2A?) for hexagons, due to their lower
filling factor (note that A is the apothem of the hexagonal cell) . Because the com-
parison must be performed with fixed A, hexagons require a lower v/3/2 times less
work. Clearly, ripple patterns have larger high intensity areas and are therefore
more energy consuming,.

Hexagonal patterns require almost isotropic diffusion in the (z,y)-plane, i.e.
I; >~ I,, When I, >> !, one dimension oscillation prevails and the resulting

periodic pattern assumes the form of rolls orthogonal to the z-axis.
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THE LIQUID CRYSTAL MEDIUM

Liquid crystals may have a huge optical nonlinearity. The nonlineanty arises from
the high degree of electron delocalization in the molecules, the large anisotropy
of the molecular structure, and the strong correlation of their motion. In the
mesophases, the molecular correlation is so strong and the optical nonlinearity is
so large that propagation of laser beams in these materials leads to very unusual,
but interesting, effects, that cannot be described by the perturbative approach
commonly used in nonlinear optics 16 Liquid crystals in the mesophases can-
not be considered, therefore, as true Kerr optical media. Nevertheless, in some
circumstances, they can simulate a medium with huge nonlinear Kerr-like optical

nonlinearity. This happens when the following conditions are satisfied:

e light polarization is linear and remains unchanged during the propagation in

the medium;

o direction of the light polarization is oblique with respect to the molecular

orientation as impressed initially by the anchoring forces at the sample walls;
o light intensity is not too large.

The first condition avoids effects related to the change of the state of the beam
polarization as it traverses the medium. The second condition guarantees that
the optical torque is nonzero somewhere in the sample even in the limit of very
small intensity. This avoids the occurrence of threshold effects as in the Optical
Fréedericksz Transition 2122, The third condition is required in order to induce
a small distortion in the sample and validate the standard perturbative approach
used in nonlinear optics. All of these conditions are met in the following experi-

mental geometries

1. homeotropic cell with laser beam at oblique incidence;

o

. planar cell with laser at oblique incidence;

3. hybrid cell.
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Geometry (3) was used in Ref. 7. Geometry (1) in Refs. 8,9,11,12. All experi-
mental results presented in this work refer to geometry (1). To our knowledge,
no experiments have been reported using geometry (2). In all of these geometries
only splay-bend distortion is induced in the sample and the molecular director n
can be written as n = (sind, cos¥,0), where 9 is the tilt angle with respect to
the Z-axis normal to the sample walls {(which is different from the z-axis along
the beam), because of the oblique incidence. In this work only geometry (1) with
strong anchoring at the walls will be considered for a nematic cell of thickness
L. Because the light intensity is small, the laser-induced reorientation is small
as well, and the torque equation can be linearized for small tilt angle ¥. Then a

straightforward calculation yields

v 9*9 5 9% . 3%  (n?—n)sinacosa
"’)’15—{+kué;+ 228—934- B55m o

I=0, (9)

where 7, is the liquid crystal viscous coefficient, ki1, ko2 and ki3 are the elastic
constants for splay, twist and bend deformation, respectively, n, and n. are the
ordinary and extraordinary refractive indices, a is the beam incidence angle, and,
finally, I is the beam intensity. The boundary conditions are 9(0) = 9(L) = 0.
The nonlinear phase change ¢ experienced by the extraordinary wave in traversing

the medium can be easily evaluated observing that, for small ¥, we have

p = B <id>, (10)
with
9 2 __ 2
8= [M} sinq, (11)
n2\

where < ¥ >= L7! f(f‘ﬁ d? and « is the laser incidence angle. The stationary

solution of Eq.(9) with boundary conditions 9(0) = J(L) = 0 can be written as
¥ =6<9> 3L -z2)/L% (12)

Inserting this ¥-profile into Eq.(9) and using Eqs.(10) and (11) we find that the
effective nonlinear Kerr index < n, > defined by the relationship ¢ = 2xLn,I/A,

is given by
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(n2 = n)L?

P

"2 = T oK

sin’? o cos a. (13)

We notice that the effective optical Kerr index is proportional to the square of
the sample thickness L (the nonlinear phase change is proportional to L3) and
depends also on the beam incidence angle a. A plot of n; as a function of the
beam incidence angle « is reported in Fig.2 for a 120pm thick E7 homeotropic

cell. A simple integration of Eq.(9) along Z yields, after multiplication by 3, the

E7; L=120 pm
s 6
U,’E 4 P/ "
o
Z / \
/ \
CN 2 7 \
1 \
s \
0 T T T T T T L] T 7

0 30 " 60 90
o (deg)

FIGURE 2 Measured effective nonlinear Kerr coefficient n, as a function
of the beam incidence angle o for a 120um tick nematic E7 homeotropic
cell. The measurement was made with a Mac Zehnder interferometer. The
dashed curve is the best fist from Eq.(13). The 5CB elastic constants were
obtained, in the same experiment, as ky; = 12.1 107 7dyne, ky, = 6.55 1077
dyne, and ka3 = 15.97 10~ "dyne. (After Ref. 13)

following equation for the transverse phase change ¢,

Oy , 0% o  12ky;  2nL(n? - n?)’sin*acosa
"ot T 1y cos ozt a2 Oy? L2 T cndA

1,(14)

where we have switched back to the frame having the z-axis along the beam
(£ = z/cosa). In deriving Eq.(14) we used the z-profile of J given by Eq.(12).
Equation(14) can be compared now with Eq.(1} to obtain the actual values of the

parameters 7, [;, [, and a. In particular, the diffusion lengths I, and [, are given
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, L [k
= — — S
e 2V 3k °
| — £ ﬁz_
v 9 \/ 3kas

Because [; depends on the beam incidence angle «, while I, is a constant, we have

(15)

perfect cylindrical symmetry in the (z, y)-plane (I; = I,) at the incidence angle &

iven by cos @ = y/ky3/k11. For most liquid crystals kyo/k1p ~ 0.5 and @ ~ 45°.
g

EXPERIMENTS

Three different experiments have been carried out on optical self-organization
with a single reflecting mirror. In all experiments a 50um thick film of com-
mercial nematic E7 liquid crystal from BDH was used as Kerr optical medium.
The glass walls enclosing the nematic film were coated with HTAB surfactant for
homeotropic alignment. The sample was posed at oblique incidence into the beam
of a cw Argon laser( A=514nm), according to geometry (1). The beam spot size
at the sample was reduced to w = 250pm and the light was linearly polarized in
the incidence plane, in order to excite a pure extraordinary wave in the nematic
film. After having traversed the liquid crystal (LC), the beam is backreflected

’ 11, made by the two identical confocal lenses L1 and L2

by a “virtual mirror’
(f = 50mmy} and by the planar mirror M1, as shown in Fig.3. As the distance be-
tween L1 and L2 is 2f, the system is equivalent to a “virtual mirror” M1’ placed
at distance 4f before M1, for any position of M1. That is, Fresnel propagation
from the cell through that optical system and back is exactly equivalent to free
space propagation to M1’ and back. The overall reflectivity of our virtual mirror
is about 60%. The lens L§ and the microscope objective MO projected onto the
screen S the near field image of the backward light after exiting the cell, for vi-
sual observation. In some experiments another lens and microscope objective were

used to project the far field image. The use of the virtual mirror permits a great

flexibility in the experiment: it can be positioned for example very close to the
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: BS LC MI' L L2 SF Ml
p-po a <!
|Ar+ I /—f e |
aser 4’ \\ E l
oo X (virtual)
L3 QD
l“ 1’ Y Z
\\ ’,'
\ '} MO s
!

FIGURE 3 Experimental setup. M1, M2 mirrors; M1’ virtual mirror; BS
beam splitter; LC liquid crystal film; L1, L2 50mm focal-length lens; L3 lens;
MO microscope objective; S screen.

sample without mechanical limitations and leaves enough room to insert optical
devices (spatial filters, etc.), between the two lenses LI and L2 in order to alter
the feedback provided by the mirror MI. Moreover, the virtual mirror could be

even moved across the sample, to reach “negative” mirror-to-sample distance d.

In the first experiment the spontaneous formation of hexagonal patterns was
studied ¥. The spatial period A of the observed structure and the laser inten-
sity threshold I, were measured as a function of the mirror-to-sample distance
d. In this experiment the laser incidence angle was 45°, very close to the value
a for which cylindrical symmetry is recovered. The experimental results are
shown in Figs.4 and 5. The curve (a) in Fig.5 is the ratio A/Ar as obtained
from Firth’s linearized theory. The curve (b) compares the experimental data
(squares) for A/Ar with the line A/Ar = 1. In the curve (c) is plotted the quan-
tity (w2/12)(8sin a/n,)(Lin/lorT), where Iy, is the threshold for pattern formation
as obtained from Firth’s linearized theory, Iprr is the threshold for the optical
Fréedericksz transition at normal incidence, and £ is given by Eq.(11). As we can
see, the experimental data agree much better with Talbot’s model rather than

with the results obtained by the linear stability analysis of Firth’s equation.
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FIGURE 4 Pictures of the ob- FIGURE 5 Hexagon lattice
served hexagonal patterns for spatial period and threshold in-
various mirror-to-cell distance d. tensity for pattern formation as
(al-a2) far-field; (b1-b2) near- functions of the reduced mirror-
field. The liquid crystal was to-sample distance wA\d/L? for
homeotropic nematic E7, 50um a 50um thick E7 homeotropic
thick. (After Ref. 9.) cell. Circles are the experimental
data. The incidence angle was

a = 45°.

In the second experiment, a virtual mirror at negative distance d from the
liquid crystal cell was used, in this case the feedback field u,(z,y) can be obtained
by back-propagating the field ue(z,y) 11 Spontaneous formation of hexagonal
structures was still obtained, but the relationship between the pattern spatial pe-
riod A and the mirror-to-sample distance d was now different than in the previous
case of positive distance d. This can be well understood in terms of Talbot model.
From Fig.1, in fact, we see that positive feedback is obtained not only at d = I1/8
as shown in Sec., but also at the negative value d = ~3lr/8, coresponding to a
spatial period Ay = 2\/Td/3. The measured period A of the hexagonal pattern
as a function of the mirror-to-sample distance d is shown in Fig.6 both for positive
and negative d. The agreement with the results of Talbot model is very good.
The threshold power for the formation of the hexagonal pattern is reported in

Fig.7, where the data are compared with the theory based on linear analysis for

13
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a plane wave (dashed line) and for a beam having finite size (solid line). The
threshold for finite size beams was found to increase with the absolute value of
d. For a given spatial period of the pattern we have two values of d, but the
absolute value of the negative distance is three times that of the positive, thus in
the case of negative distance the threshold is much more affected by edge effects,

as it is seen in Fig.7. As pointed out in Ref. 11, this experiment proves that the

200

= 500
g 1 = (o=
= 150 E 400
§ 8 300f
< i 12 o 200
g 50 | Mt4/99 e (20} /2 [ =]
3 @ 100}
0 Attt e .E' L e § VS U N S S S S S S
-30 -15 0 15 930 15 0 15

mirror spacing d{mm) mirror spacing d{mm)

FIGURE 6 Spatial period of
the hexagonal pattern vs. virtual
mirror-to-cell distance: experi-
mental (dots), theory based on
Talbot effect (solid line) and the-
ory from linear stability analysis

(dashed line). (After Ref. 11.)

FIGURE 7 Threshold power
for pattern formation vs virtual
mirror-to-sample distance: ex-
perimental (dots), theory from
linear stability analysis (dashed
line), and linear stability theory
accounting for the finite beam
size (solid line). In the experi-
ment, the beam waist at the samn-
ple was w = 250pm at 1/e? in-
tensity. (After Ref. 11.)

hexagons formation cannot be ascribed to the creation of independent filaments of
light, due to self-focusing in the sample, as suggested, for example, in Ref. 23. As
shown in Fig.8, converging rays from the liquid crystals, produced eventually by

self-focusing, come back spread out over a larger area on the sample, in the case of
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negative virtual mirror distance. In this case, any filament seed produced by self-
focusing in the cell is cancelled out by the feedback due to the “negative” virtual
mirror. We conclude, therefore, the hexagons are formed by a collective generation

of filaments, such as the coherent superposition of three spatial gratings 1 1n our

"

'
M'— LC M'+
FIGURE 8 Converging rays from the liquid crystal sample come back either

concentrated (for virtual mirror positive distance) or spread out (for virtual
mirror negative distance).

t 12, the overall cylindrical symmetry of the system was broken in

third experimen
order to observe the formation of patterns other than hexagons. As pointed out
in the previous section, a way to break the cylindrical symmetry is introducing
some amount of anisotropy by changing the beam incidence angle a. Because «
affects only the diffusion length I, and not !, {see Eq.(16)], changing « alters the
effective diffusion anisotropy of the sample. In our experiment the mirror distance
d was adjusted to d = 2mm, so that the expected pattern period was A ~ 60um.
The beam incidence angle was set to a = 70% in order to have I, ~ 5um, smaller
that {, ~ 10um . In this situation, rolls, rather than hexagons, were formed as
shown in Fig.9. By lowering the incidence angle a, cylindrical symmetry is more

and more restored and the pattern shows a transition from rolls to hexagons. A

similar roll-to-hexagons transition was obtained by changing the mirror-to-cell dis-
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tance d instead of the incidence angle a. In fact, as it easy to see from Eq.(5),
once again this leads to a change in the anisotropy of the intensity threshold for

pattern formation. In the same experiment, the effect of introducing a seed in

a=70*
E7:50um intensity
d=2mm seed
. ET7; 30um
wehs d=2mm;a=62*
square
pattern
a=54"

—

200um

FIGURE 9 Near field pat-
tern in the backward wave for
d =2mm, a = 70° (a), a = 62°
(b) and o = 54° (c). The roll-to-
hexagon transition is clearly vis-
ible. {After Ref. 12)

FIGURE 10 Observed near-
field square pattern (a). The
seed introduced by the slit (b).
The pattern was obtained at a =
62°, w = 250um, laser power
P = 430mW.

a1l First, a vertical sharp blade was intro-

the system feedback was also studie
duced next to the real backreflecting mirror. This produced the effect of forcing
the hexagon orientation to have one side parallel to the blade edge. Rotating the
blade produces a similar rotation in the observed hexagonal pattern. Second, we
introduced a slit near the mirror. In this case and in the presence of some amount
of diffusion anisotropy, the formation of square pattern was observed, as shown in
Fig.10. The possibility to obtain square pattern was theoretically investigated by

numerical simulation in Ref. 14. At the moment, no attempt was made to compare

these numerical results with the experimental data.
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CONCLUSIONS

In this paper we presented a series of experimental works on pattern formation
and self-organization in liquid crystals, used as nonlinear Kerr optical media, ob-
tained with a single backreflecting mirror as optical feedback. The results are in
agreement with the numerical and theoretical results obtained by Firth, even if it
seems that they could also be explained in terms of Talbot effect. In the experi-
ments a virtual mirror was used, so that both positive and negative mirror-to-cell
distances were studied. The case of negative distance is interesting, because it
proves that the hexagonal pattern is due to a collective, rather than individual,
filamentation of the laser beam in the nonlinear medium. Finally, we obtained
patterns other than hexagons, i.e. rolls or squares, by introducing some amount
of anisotropy in the sample effective diffusion lengths.
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