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Control of the Bistable Molecular Reorientation Angle
in a Nematic Liquid-Crystal-Light-Valve

S. Residori
U. Bortolozzo
Institut Non Linéaire de Nice, Valbonne, France

We show experimentally that optical localized structures can be stored as elemen-
tary optical pixels lying on matrices that are impressed in a small pretilt angle of
the nematics contained in a Liquid-Crystal-Light-Valve. The molecular reorien-
tation, which is induced by an optical feedback, is bistable and may be controlled
by a suitable phase profile superimposed on the input laser beam.

Keywords: liquid crystal light valves; localized structures; pattern control

INTRODUCTION

Non equilibrium processes lead in nature to the formation of spatially
periodic and extended structures, so-called patterns [1]. The birth of a
pattern from a homogeneous state takes place through the spon-
taneous breaking of one or more of the symmetries characterizing
the system [2]. In some cases, the pattern is localized in a restricted
region of the space, so that we deal with localized instead of extended
structures. Localized structures have been recently demonstrated in
several experiments based on a Liquid-Crystal-Light-Valve (LCLV)
with optical feedback [3—5]. In this paper we present an experimental
realization on the control of optical localized structures in a modified
LCLV experiment. By inserting a spatial phase modulator (SPM) on
the path of the input laser beam, we are able to store and actualize
localized structures on large area matrices, that are impressed as a
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pretilt angle in the nematic liquid crystal contained in the LCLV. The
experimental observations are supported by a theoretical model,
which is based on a physical equation derived for the liquid crystal
reorientation angle under the effect of the control light. This equation
is coupled with the light diffraction in the optical feedback loop.
Numerical simulations of the model equations show quantitative
agreement with the experimental observations and has allowed to
design suitable phase profiles for the control of localized structures.
Addressing of each single localized structure is achieved by local
pulses sent through the SPM.

DESCRIPTION OF THE LCLV AND DERIVATION
OF THE MODEL EQUATIONS

As schematically depicted in Figure 1, the LCLV is composed of a
nematic liquid crystal in between a glass and a photoconductive plate
over which a dielectric mirror is deposed [6]. The liquid crystals are
planar aligned (nematic director 7 parallel to the cell walls) and the
cell thickness is 15um. Transparent electrodes covering the glass
plates permit the application of an external voltage Vi across the
liquid crystals. The photoconductor behaves like a variable impedance,
its resistance decreasing when increasing the intensity of the light I,,
impinging on the rear side of the LCLV (write light). Thus, the voltage
Vic that effectively drops across the liquid crystals is Vic = I'Vy + ol
where Vj is the a.c. voltage externally applied to the LCLV and T, «
are phenomenological parameters summarizing, in the linear approxi-
mation, the response of the photoconductor (I" is the dark transfer fac-
tor that depends on the impedances of the LCLV dielectric layers) [7].
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FIGURE 1 (a) Schematic representation of the LCLV and (b) its typical
response as a function of the light intensity I,,, incident on the photoconduc-
tive side.
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Under application of the voltage, liquid crystal molecules reorient
towards the direction of the electric field [8] and, because of liquid crystal
birefringence, the molecular reorientation induces a refractive index
change for the light incoming on the front side of LCLV [9-11]. As a
result, the input beam, which pass through the liquid crystal layer
and is reflected by the mirror of the LCLV, undergoes a phase shift ¢,
which depends on the intensity I, incident on the photoconductive side
and on the liquid crystal birefringence n = n, — n,, n. and n, being, res-
pectively, the extraordinary (parallel to ) and ordinary (perpendicular
to i) refractive index. For I,, < 2mW /cm? the phase shift is proportional
to the light intensity and the LCLV behaves like a Kerr nonlinearity. A
typical response of the LCLV, showing the optical phase shift ¢ as a
function of I,,, is shown in Figure 1b, for fixed V, = 12.8 V and frequency
f = 6 KHz. If 0 is the average reorientation angle of the molecules, and
for An << n.,n, we can express the phase shift as ¢ = fcos? 0, with
= 2nAnd/ /o, where 1 is the optical wavelength. In our experiments
An = 0.2, with n, = 1.7 and n, = 1.5. Under this approximation, we
can reconstruct the average tilt 0 from the measured phase shift ¢.

The model for the local liquid crystal reorientation angle can be
derived by considering a simple approximation that neglects the
dependence on the cell thickness, since the measured values of the tilt
angle are integrated along z, z being the longitudinal coordinate along
the cell thickness.

First, we describe the Fréedericksz transition by the usual balance
between the electric and the elastic torque [8]

020 o . 9
K ) + AeE7sin“ 20 =0 (1)
where Ac¢ is the dielectric anisotropy, K11 the splay elastic constant and
Eyc = Vic/d is the electric field applied across the liquid crystal. When
E1c exceeds the Fréedericksz transition threshold, Epr, molecular
reorientation takes place and the first deformation mode can be written
as Oy sin(nz/d). We take the average along z, so that 6 = 0,,2/=.

The average reorientation angle 0 is measured when I, =0, by
varying the voltage V and by recording the corresponding phase shift
¢ = fcos? 0 on the input beam. In this conditions the electric voltage
effectively applied across the liquid crystals is Vi,c = I'Vj. The results
are plotted in Figure 2 and the experimental data are fitted with the

function
n [VEr
= — 1 — —
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FIGURE 2 Average reorientation angle 0 as a function of the voltage Vy when
the intensity I,, is zero.

with I' = 0.3. When I, # 0, then Vi¢c =TV + oly,, with I, = I,,(x,y,t).
The round-trip time of the light circulating in the optical loop is much
shorter than the typical response time of the liquid crystals, so that
we consider that the light distribution instantaneously follows the 0
distribution. Hence, we can write for the average director tilt,
0 <0< n/2, a local relaxation equation, which takes into account
the transverse dependence of 0 = 0(x,y), once it is coupled to the
feedback write intensity I, [12]:

_evig g1 )V
0,0 = 12V20 9+2<1 FVOHIW(G)> 2)

where V? is the transverse Laplacian, [ is the diffusion length, t the
local relaxation time, I'Vy + ol,, is the effective voltage across the
liquid crystals. From the experimental characteristics of the LCLV
we can evaluate I' = 0.3, oc:2.5ch2/mW and Ver = 1.05V. The
response time is proportional to the rotational viscosity of the liquid
crystal and its typical value is around t = 30 ms. The diffusion length
[ can be estimated approximately to 40 um, and it is mainly due to the
diffusion of charges in the photoconductor. Recently it has been
directly measured for a photorefractive LCLV [13], however similar
values have been obtained from indirect measurements performed in
a semiconductor LCLV [3]. The electric coherence length [, of the
liquid crystal can be evaluated in the single constant approximation
[14], I, = (d/oly) /K [eoAe, where ol /d is the equivalent electric field
due to the feedback light and K is the elastic constant of the liquid
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crystals. By considering that for the planar geometry a transverse
deformation is mainly a twist, by taking typical values,
K = Koo = 13pN, A¢ =15, al,, =2V and d = 15 um, we get [, ~ 3 um,
which is fairly smaller than .

THE OPTICAL FEEDBACK LOOP AND THE PHASE CONTROL

As shown in Figure 3, the optical feedback is obtained by sending back
onto the photoconductor the light that has passed through the liquid-
crystals and has been reflected by the mirror of the LCLV. Two lenses,
L, and Lg, form an image of the front side of the LCLV on the plane
marked by a dashed line. An optical fiber bundle closes the loop, trans-
porting the image from one end to the other with negligible losses and
with a spatial resolution of 20 um. The free propagation length is
L = 80mm, over which diffraction takes place. For such a diffractive
feedback, the system is known to display a transverse spatial insta-
bility [3], developing hexagonal patterns at a typical wavelength
V2L [15].

In the present experiment, the beam splitter (CS) at the entrance of
the optical loop is a polarizing cube, so that it transmits the vertical
polarization and reflects the horizontal one. The liquid crystal director
is at 45° with respect to the input polarization, which is vertical. Since
the beam reflected by the cube is horizontally polarized, the feedback
loop produces polarization interference between the ordinary and
extraordinary waves. Then the electric field reflected by the beam
splitter CS is

Ein

E, = 5 (1 —e*i‘/’aw)
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FIGURE 3 (a) Experimental setup for the LCLV with optical feedback;
(b) localized structures typically observed in the near-field (CCD camera) at
I, = 0.51mW/cm?.
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where Ej, is the transvers electric field produced by an enlarged and
collimated He-Ne laser, wavelength 1o = 632.8 nm. The intensity on
the photoconductor is I, =| D, - E, |> where D, is the diffraction
operator D, = eli%L/4mV [3],

As schematically depicted in Figure 3, the setup includes also a spa-
tial phase modulator (SPM) connected to a personal computer (PC)
and inserted in the optical path of the input beam E;,,. The SPM is a
twisted nematic liquid crystal display without polarizers [16]. The
polarization of the beam impinging on the SPM is parallel to the
entrance extraordinary axis, which is at 45° with respect to the verti-
cal polarization. For such a geometry, the SPM induces on the beam
incident on the LCLV a phase shift pgpy that is a function of the gray
level set on the PC. We have measured ¢gpy varying from 0 to 7 when
the gray level changes from 0 to 255.

Taking into account all the contributions described previously, the
light intensity on the photoconductor is

. y ) 2
Iw _ % D.. [elf/JSPM(x*y)(]_ _ e—Lﬁcos2 0)] ) (3)

The presence of both diffraction and interference ensures multistabil-
ity between differently oriented states of the liquid crystals and leads
to the appearance of stable localized structures [4,5,12]. The existence
of localized states in our case is due to the bistability between an
homogeneous stationary solution and an hexagonal solution [3].
Numerical simulations of the model equations Egs. (2), (3) show the
appearance of localized structures in the region of bistability between
two differently oriented states. The size of each localized structure is
420 + 30 um and depends on the square root of the free propagation
length VL [3]. The sinusoidal voltage applied to the LCLYV is fixed to
Vo =12.8V and frequency f = 6 KHz.

It has been numerically demonstrated for a Kerr-like system that
localized structures behave like single particles moving in the pres-
ence of phase/intensity gradients [17]. In the case of LCLV and for
the parameters used here, numerical simulations have shown that
phase gradients are more efficient in displacing localized structures
than intensity gradients are, and that localized structures go towards
the maxima of the phase [18]. In the experiment, due to phase inhomo-
geneities, localized structures move, interact and form bound states as
shown in Figure 3b. In order to avoid the crosstalk between localized
structures, it has been numerically demonstrated [17] that a phase
grid is able to pin localized structures on the local maxima of the grid.
The physical origin of the pinning mechanism has to be searched in a
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small and local reorientation of the liquid crystal director in correspon-
dence with the local phase maxima of the input beam.

We have sent through the SPM an egg-box profile that modulates
the phase of the input beam [19]. Thus, after the cube splitter, the
input beam is phase modulated with a periodic two-dimensional grid
@spy = &(cos Kx + cos Ky)?, where K = 0.015rad/um. When traveling
in the optical feedback loop, the beam undergoes diffraction so that
the initial phase modulation is converted into an intensity modulation
[15] and phase maxima gives rise to low amplitude intensity maxima
on the photoconductor. In Figure 4 it is represented the profile of the
grid calculated numerically in the 1D case, wheny =0 and ¢ = 0.4. In
particular, in Figure 4a it is shown the profile of the grid of the light
intensity on the photoconductor and in Figure 4b the corresponding
0 profile. The phase grid induce a local pretilt of the liquid crystal
director that can be controlled through the SPM. The local maxima
of the grid act as pinning sites for the localized structures, leading
to the suppression of the crosstalk. When a local pulse is sent on the
photoconductor, a single localized structures is switched on and
remain fixed on the grid. A three-dimensional 0 profile of a single
localized structures pinned on the grid is displayed in Figure 5.

The period of the spatial grid is chosen in order to match the size of
the localized structures, therefore we can bring them as close one to
the other as the maximum packing limit. The parameter ¢ ranges from
0.2 to 0.6 rad. The lower limit is dictated by the minimum modulation
amplitude capable to overcome the crosstalk between localized struc-
tures, whereas the maximum limit has not to exceed the value for

(a) (b)

0.09 0.762
Iw 0 [rad]
[ mW/em™] 0.760
0.06
0.758
0.756
0.03
0 0.752
0 50 100 150 200 0 50 100 150 200
x [a.u.] x [a.u]

FIGURE 4 Numerical spatial profiles of: (a) the intensity on the photoconduc-
tor, (b) the tilt angle 0. The function sent on the SPM is ¢gpy = ¢cos(Kx).
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FIGURE 5 Numerical three-dimensional 0 profile of a localized structures
pinned on the grid.

FIGURE 6 (a) Three dimensional experimental profile of the intensity on the
photoconductor; (b) a configuration of three localized structures is written by
flashing an image of three pulses through the SPM.
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which the homogeneous stationary solution becomes unstable in
favour of the pattern state. In the experiment we do not have direct
access to the molecular orientation angle 0, but what we observe is
the consequent localization of the light. Here, we have set ¢ = 0.5.
To write localized structures either we send a sequence of local pulses
or we flash an image through the SPM. We can see that once created
localized structures move towards the closest local maximum of the
intensity and remain attached there, as shown in Figure 6a. Indeed,
the energy barrier created by the phase profile is sufficiently high to
fix the localized structures at the maxima locations and to keep them
stable against perturbations. By sending through the SPM an image
containing the information to be stored, we can write any arbitrary
configuration of localized structures. In Figure 6b are shown three
localized structures stored on the LCLV.

CONCLUSIONS

In conclusion, we have shown that by introducing appropriate spatial
modulation on the phase of the input beam, it is possible to control
locally the reorientation angle of the liquid crystal and to suppress
the crosstalk between adjacent localized structures, so that a large
number of optical localized structures can be put together. Each site
on the matrix can be addressed by a local pulse or by images sent
through a SPM.
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