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We report new advancements in the experimental investigation of the giant optical
nonlinearity observed in azo-dye doped nematic liquid crystals. We show that the
extreme sensitivity of the azo-dye doped nematics results from a combined action of
the trans-cis photoisomerization process of the azo-dye molecules and the light-
induced changes of the anchoring energy. The molecular reorientation at the sur-
face can be controlled by changing the length n of the aliphatic chain of the ionic
surfactant, C,TAB, used as anchoring agent. Polarization holography experiments
show that, during the reorientation, the nematic director mainly follows the direc-
tion imposed by the linear polarization along the interference pattern. The diffrac-
tion gratings show a large response, proving that all the mechanisms related to
light intensity gradients, such as charge migration or thermal heating, may be
excluded from the effects that are at the origin of the giant nonlinearity.

Keywords: azo-dye doped nematic liquid crystals; giant optical nonlinearities;
polarization holography; surface effects

INTRODUCTION

Giant amplification of the light-induced reorientation in dye-doped
nematic liquid crystals with respect to the pure case has been reported
in the case of the azo-dye Methyl Red (MR) in the liquid crystal 5CB
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[1]. This was firstly interpreted as a photorefractive effect, due to opti-
cally induced charge migration in the sample [1]. Nevertheless,
nowadays the more credited explanation is the one assuming light-
induced modifications of the anchoring conditions at the confining
surfaces of the cell [2]. In particular, we have recently shown that
the extreme sensitivity of the azo-dye doped mixture is indeed
mediated by the specific alignment agent used for surface anchoring
treatment [3,4].

We report here further advancements in the field, through a sys-
tematic investigation on the influence of the surface conditions. We
have performed different experiments by changing the length n of
the aliphatic chain of the ionic surfactant, C,,TAB used as anchoring
agent. We show that an extremely high sensitivity, recently referred
to as a “colossal” optical nonlinearity [5], is obtained only when the
surfaces are treated with a particular form of the surfactant, known
as hexadecyl trimethylammonium bromide, HTAB, and corresponding
to n=19.

Another important experimental evidence comes from the role of
the trans-cis photoisomerization of the azo-dyes when irradiated in
their absorption band (laser wavelength A ~ 500nm) [6]. When close
to the surfaces, the molecular conformation change of the azo-dyes
induces a reorientation of the nematic director, triggering the switch-
ing of the whole realignment in the bulk of the cell. In order to better
account for the role of the photoisomerization, we have tested our best
response cells (n = 19) for different concentrations of the dyes. Then,
for a fixed and optimal dye concentration (~ 0.3% in weight), we give
a detailed characterization of the dynamical diffraction gratings writ-
ten by using a polarization holographic technique.

Polarization patterns are obtained by superposing two orthogonally
polarized beams. At difference with the usual intensity holographic
technique, an uniform intensity distribution is obtained in the inter-
ference region, while the resulting light polarization varies period-
ically from linear to elliptical, depending on the phase shift between
the two interfering waves. Due to this property, when the cell is illu-
minated by polarization patterns, if a diffraction grating is formed in
the sample, we can exclude the occurrence of phenomena that are
due to intensity gradients, such as charge migration, temperature gra-
dients and modulations of the dye concentration. Recently, high resol-
ution permanent polarization gratings have been recorded in planar
cells, showing an extremely high sensitivity of the mixture at the light
polarization [7]. For the same system, it has also been shown that the
main contribution to the refractive index change is the molecular
reorientation rather than variations of the order parameter [8]. Here,
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by testing our homeotropic cells we show the occurrence of dynamical
gratings under illumination with polarization interference patterns.

When resuming all the results, obtained either for intensity or
polarization interference patterns, both for linear and circular polari-
zation of the pumps, by changing either the molecular length of the
surfactant or the concentration of the azo-dye, we can conclude that
surface and bulk contributions combine in such a way that the result-
ing reorientation of the director mainly follows the incident light
polarization, leading to a stable grating formation. However, there
are still many unanswered questions on the microscopic origin of the
effect and a clear model able to establish an exact balance between
the surface and bulk contributions to the whole reorientation process
is still lacking.

In the first part of the article we present the methods for prep-
aration of the homeotropic cells and we illustrate the alignment insta-
bility taking place, under light illumination, for some molecular
lengths of the surfactant. Then, we describe the experimental setup
and we discuss the results obtained for different molecular length of
the ionic surfactant as well as for different concentration of the azo-
dye. Finally, we discuss the experimental results and we suggest the
possible mechanism which could be at the basis of the extreme sensi-
tivity of the cell at the surface conditions. In the second part of the
article, we present the polarization holography experiments, both for
linearly and circularly polarized pumps, and we outline the role of
photoisomerization of the dyes in the volume of the cell.

THE CELL PREPARATION AND THE ALIGNMENT INSTABILITY

All our cells are made by ITO coated glass plates (Asahi Glass). The
size of each glass plate is 20 x 30 mm?. The plates are cleaned in
ultra-sound bath at 25°C for 15-20 minutes with a Micro 90 cleaning
solution (Bioblock Scientific). After cleaning, the slides are rinsed in a
highly purified water (R ~ 18 MQ) and then dried with filtered com-
pressed air. The clean glass plates are then treated for deposition of
the alignment agent. All the cells are filled with a mixture of the
azo-dye Methyl Red, MR (Aldrich Chemicals), in the liquid crystal
p-n-pentyl-pcyanobiphenyl, 5CB (Merck). The MR concentration c¢
has been changed from ¢ =0.1% to ¢ =1.0% in weight. However,
the best compromise between a large response and a low absorption
has been found to be around ¢ = 0.3%, so that most of the experiments
have been performed at this value of the MR concentration. Typical
cell thickness is d = 14 pm. Before filling the cells, the azo-dye doped
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liquid crystals are filtered, by centrifuging with 0.22 ym Millipore fil-
ters, as well as degassed in a vacuum oven [4].

To obtain the homeotropic alignment we have deposed a surfactant
monolayer over the glass substrates [9]. We have used different
surfactants of the same family C,,TAB, the general chemical formula
is C,,Hy(,+1)BrN, where (n — 4) is the number of CH; groups in the ali-
phatic chain. The deposition of the C,TAB mono-layer film was
obtained by withdrawing the glass plates very slowly out of a water
solution. The withdrawing speed was about 5 mm/min and typical con-
centration of surfactant was ~ 107>M. In Figure 1 it is shown
a schematic drawing of the cell together with the chemical repre-
sentation of the liquid crystal 5CB, of the azo-dye MR and of the
surfactant used. In the figure we have represented the case n = 19,
C19TAB or HTAB, hexadecyl trimethylammonium bromide, corre-
sponding to the molecular compound more frequently used as anchor-
ing agent [3,4]. In the same figure are shown the electric field
E), resulting from the ionic distribution close to the surface and
responsible of the anchoring force, the surface polarization Py and
the photo-induced field Epy. Later, we will discuss in more detail
the role of these fields, as well as their interplay leading to light-
induced modifications of the anchoring energy.

We have prepared different cells, by treating the glass plates with
different surfactants, varying n from 13 to 21 and also by changing
the immersion times of the glass plates in the solution before the
extraction. Once assembled, the cells were filled them with the
mixture of liquid crystal and azo-dyes, 0.3% MR in 5CB. For all
the cells, the final quality of the liquid crystal alignment was tested

l l lhght 508 c=n—( )—(_)—CHi—ch,

GLASS CHs
—O—
l:’ﬁfﬂ?ﬂ;ﬁﬁ?ﬂ? ?ﬁml ?I?IT lT e Q—N’ Yot
(! |||| Een COOH
Mi&t"&'mlumum & .
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&L$$$ CHg—/N’/\/\/\/\/\/\/CH:%
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FIGURE 1 Schematic drawing of the LC cell, together with the chemical rep-
resentation of the liquid crystal molecules (5CB), the azo-dyes (MR) and the
surfactant (HTAB). The surface polarization, P, the surface charge electric
field, Eq, and the photo-induced field, Epy, are indicated close to the cell walls.
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by observing the sample under a polarizing microscope. The cell pre-
pared with n = 19 and 21 have shown perfect homeotropic orientation
a few minutes just after the filling. On the contrary, the cell treated
with n =17, 15 and 13 have shown anchoring instabilities, that
appear as transitions from planar to homeotropic alignment taking
place on long time scale (hours or days) and on different areas of the
treated surfaces.

In Figure 2, we display a few typical pictures taken at the micro-
scope for a cell treated with n = 1 5. In Figure 2a the interface between
two differently oriented regions, planar (P) and homeotropic (H),
respectively, can be clearly distinguished. The interface is strongly
influenced by the light; it remains stable if the cell is kept in the dark
but it becomes unstable when the cell is illuminated. By keeping the
cell under the light of the microscope, we see the following sequence:
at the beginning the interface becomes undulated (Fig. 2b); then, sev-
eral domains with homeotropic orientation nucleate inside the planar
region (Fig. 2¢); and finally, small planar domains nucleate inside the
homeotropic ones (Fig. 2d). When the cell is brought back in the dark,
it takes several hours to recover the initial configuration with the
stable and linear interface.

FIGURE 2 Alignment instability in a cell treated with Ci5. The interface
between the planar (P) and the homeotropic (H) anchoring at a) the beginning
of illumination, b) after 1 minute, c¢) after 5 minutes and d) after 10 minutes
under microscope illumination.
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THE LIGHT INDUCED REORIENTATION
Experimental Setup

The experimental setup is shown in Figure 3. The liquid crystal cell is
placed at the intersection of two linearly s-polarized, enlarged and col-
limated Ar™ laser beams (/1 = 514 nm, s-polarization, beam diameter
5mm). The angle between the two beams is « ~ 1°, corresponding to
a fringe spacing of A ~ 18 um. The two Ar* beams propagates in the
x—z plane and are at normal incidence, that is, are symmetrically
placed with respect to the normal of the cell. A linearly p-polarized
0.8 mW He-Ne laser is used to probe the grating. A typical diffraction
pattern is shown in Figure 3. At the +1 and —1 diffraction order,
a photodiode is placed to measure the intensity 1.1, respectively.

When the pump beams are sent onto the cell, we observe a signal
rising on both photo-diodes. In the Raman-Nath regime, A% >> id,
the grating diffraction efficiency # is given by [10]

(nAnd)z
n= - .
A

lose| Iy

A2

¥ s-polarization

A2
p-polarization -1 I:.'>D—PD
-
He-Ne
laser

FIGURE 3 Experimental setup: 7 is the liquid crystal nematic director, 1/2
are half-wave plates. A typical diffraction pattern is shown at the exit of the
cell, before the two photo-diodes (PD).
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By measuring 1, = I11/]) as the ratio between the intensity ;1 of the
first order of diffraction and the total intensity I, of the probe beam,
we obtain the value of ng, characterizing the nonlinear optical
response of the cell [11]:

An = nzlin,

where I;,, is the total pump intensity incident on the cell.

Characterization at Different Lengths n of the C,,TAB
Surfactant

We have performed several diffraction experiments by using homeo-
tropic cells treated with C,,TAB and for different molecular length n.
Typical recordings of the diffraction efficiency obtained are shown in
Figure 4. The total intensity I;, of the two pumps vary in between
2.5 and 20 mW /cm?.

2.5 off 20- off
N%) n=13 +1 N n=15 +1
2.0
154
-1
1.59
1.0
1.0 -
05 0.5
0.0 v T T T ’ 0.0 T T T T T T T
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FIGURE 4 Diffraction efficiency as a function of time measured for a) n = 13
and I;, = 5mW/ecm?, b) n = 15 and I;;, = 5mW/cm?, ¢) n =19 and I;, = 1.0
mW/cm?, d) n =21 and I;, = 20mW/cm?. The arrows indicate the points
where the pump beams were switched off.
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The response time, as well as the diffraction efficiency of each cell,
change with n. For n = 13,15 and 21 the response time is quite large
and we have to wait approximatively one hundred seconds before
the appearance of the first diffracted orders (Fig. 4a,b and d). For
n = 19, the cells show a very high sensitivity for low input intensity
and a relatively short (a few seconds) rising time (Fig. 4c¢). Once the
grating is developed, the diffraction efficiency remains low for
n =13, 15 and 21 (Fig. 4a,b et d) while it grows up to 22% for
n =19 (Fig. 4c). Note that in the Raman-Nath regime the maximum
diffraction efficiency for the first order cannot exceed 34% [10]. Mem-
ory effects are observed for n = 13, 15, that is, once written the grating
becomes permanent and the diffraction persists even when the two
pump beams are switched off. On the contrary, for n = 21 the response
time is large but the writing procedure is reversible, that is, the grat-
ing disappears when the pumps are switched off.

For each cell, by taking the maximum value of the diffraction
efficiency 7, we calculate the nonlinear coefficient ny (similar results
are obtained by using the values for _;). Then, we evaluate the time T'
needed to attain the 10% of maximum #_;. In Figure 5, we report the
values of ng and T obtained for the different cells, together with the
different alignments obtained just after the filling. The maximum ng
and the shortest T are obtained for n = 19, which is largely more sensi-
tive and more efficient than the other cells. These experimental obser-
vations put into evidence the fundamental role played by the
microscopic details at the interface between the liquid crystals and
the surfactant used as anchoring agent. Indeed, the molecular length

n Planar Homeotropic | Nz(cm’W) T (sec)
13 X «——— X 0.40 180
15 X «—1— X 0.40 130
17 X «—1—» X
17 - 10 min X 0.85 20
17 - 20 min X 0.85 300
19 X 6.70 6.5
21 X 0.15 200

FIGURE 5 Table resuming the behaviors of the cells treated with C,, TAB for
different n.
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of the monolayer deposited onto the glass plates is of essential impor-
tance in determining the giant nonlinear response of the cell.

As a further validation for the existence of an optimal surfactant
molecular length, we have studied in more detail the case of
C17TAB, that has a chain length closest to the optimal one. We have
prepared two cells by keeping the glass plates in the surfactant solu-
tions for a longer time with respect to the others (10 and 20 minutes).
In this way, we simulate an effective lengthening of the surfactant
chains, since more than a single molecular layer would be deposited
on the surface. For both the 10 and the 20 minutes cells, the alignment
becomes perfectly homeotropic a few minutes after the filling. The 10
minutes cell shows the same response time as for the C19TAB, but ns is
not as large (see Fig. 5). On the contrary, for the 20 minutes cell the
optical response becomes very similar to that of the cell treated with
Co1TAB, that is, very slow and not very efficient.

Characterization at Different MR Concentrations

One of the main features of the azo-dyes is that, under the action of
light, they can change their molecular conformation. The process is
called photoisomerization, and the two isomers are called, respect-
ively, the trans and cis form [6]. In the trans state the MR molecules
are more rod-like and aligned, in average, in the same direction as
the surrounding liquid crystals, while in the cis state they are more
isotropic and insensitive to the alignment of the surrounding liquid
crystals. During the photoisomerization, by absorbing a photon, MR
molecules go from the trans state to the cis one. Then, thermal relax-
ation brings them back to the trans form. These changes of molecular
configuration help the reorientation of the liquid crystals, then
increasing the optical response of the cell [12].

We have repeated the diffraction experiments by using HTAB
treated cells and by changing the dye concentrations from ¢ = 0.1%
to 1.0%. For different MR concentrations, the cell absorption has been
measured by using a commercial spectrometer (Ocean Optics UV-VIS
2000). The results are plotted in Figure 6, where the transmission
coefficients T (at 4 = 514 nm) are normalized to 1 with respect to the
transmission of a cell filled with a pure liquid crystal and of the same
thickness (d = 14 um).

At low MR concentrations, such as ¢ = 0.1%, low intensities would
show nothing and diffraction does not appear wuntil around
0.6 mW/ cm?. However, after getting a signal with the higher intensi-
ties, the same cell showed a response even at lower intensities and a
diffraction pattern would start to appear. The origin of this memory
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FIGURE 6 Cell transmission 7(%) and absorption coefficient o(cm™?) at
A =514nm and for different dye concentrations.

effect has to be related to the induced photovoltaic effect. At the early
times of illumination, only a few MR molecules are excited and in the
same time those molecules are uniformly distributed in the volume.
Because of the photovoltaic effect, and the associated field Epy, the
MR molecules start to move towards the surface of the confining
ITO coated plates (see Fig. 1). By keeping the laser onto the cell, the
more and more MR molecules get excited and go close to the surface.
Eventually, at high laser intensity, MR molecules can bind chemically
to the surfactant molecules, leading to the formation of permanent
gratings [13].

When the laser is shone onto the cell for a second time, less energy
is needed to stir the MR molecules as some have already moved, and
so already being excited, start to create an easy axis at the surface. For
higher concentrations of the dye, such as ¢ = 0.5%, responses could be
obtained at lower intensities, of the order of 50 uW/cm?2. However, this
had the consequence of starting to diffuse light at lower input intensi-
ties. Indeed, when the MR concentration increases, or the pump inten-
sity is high, the molecular reorientation becomes irregular and
characterized by large fluctuations. In Figure 7a and b it is shown a
diffraction pattern observed for ¢ = 0.5% at low, I;;, = 150 uyW/cm?,
and high, I;, = 1.5mW/cm?, pump intensity, respectively. For high
values of I;,, the refractive index grating becomes unstable and a large
light scattering appears in all directions. Large director fluctuations
have been observed also for the self diffraction induced by illuminat-
ing the cell with two circularly polarized pumps, both in the same
directions [14].
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FIGURE 7 Probe diffraction for a HT AB treated cell filled with a MR concen-
tration ¢ = 0.5% : a) I;, = 150 uyW/cm? and b) I;, = 1.5mW/cm?.

Note that the cis—trans relaxation process may be either a thermal
one either a photo-induced transition. At relatively high values of MR
concentrations, the absorption of the probe beam (1 = 633nm) may
become sufficiently large to induce a significant role of the cis—trans
photo-induced transition [15]. A transmission spectrum of a ¢ = 0.5%
dye-doped cell is shown in Figure 8, where a small dip may be dis-
tinguished around the wavelength of the probe beam.

For a fixed concentration, ¢ = 0.1%, 0.5% and 1.0%, we varied the
pump intensity, we measured the diffraction efficiency and we evalu-
ated the nonlinear coefficient ne. In Figure 9a the values of ny are
plotted against the pump intensity. For each different dye concen-
tration, a dashed line marks the value of the input intensity at which
a diffraction pattern is distinguishable at the first times of the cell
illumination. It can be noted that all the measured values of ngy fit
on the same curve, independently of the concentration. If we plot
the inverse of ngy as a function of I;,,, as in Figure 9b, we can see that
all the points scale linearly with the input intensity. This means that
the sensitivity of the cell does indeed not depend on the input pump
intensity, since saturation has been reached for any value of I;,.
On the other side, varying the dye concentration only changes the

Transmission (%)

80

40
Wavelength (nm)
700 800

0

200 300 400 500 600

FIGURE 8 Transmission spectrum of a ¢ = 0.5% dye-doped cell. Dashed lines
mark the wavelength of the pump (514 nm) and that of the probe (633 nm).
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FIGURE 9 a) Nonlinear coefficient and b) its inverse as a function of I;,,. The
straight line in b) is a linear fit with a slope 0.145. For each concentration,
a dashed line marks the values at which a diffraction signal starts to be
distinguishable.

start-up point but does not alter the slope of the line on which fit all
the data. This means that, above a certain value of minimal dye con-
centration, such as ¢ =0.1%, the cell sensitivity is not affected by
the dye concentration and the maximum photo-induced birefringence,
An = nsl;,, is constant.

Interpretation of the Results

A qualitative explanation of the observed phenomena can be given
starting from some considerations on the mechanisms involved in
the anchoring process. In the determination of the effective anchoring
energy, W.s, we have to include the anchoring force Wy o (7 - 7iy)*
imposed by the easy-axis 77y on the surface, plus a term proportional
to (Eo - 7)?, where |Eg| = 6/ < & > & is the electric field generated by
the surface charge density o,¢ is the vacuum permittivity and
<e&e>= (g +2¢.)/3, ¢ and ¢, being the dielectric constants parallel
and orthogonal to 77, respectively. In general, it must also be included
a term of surface polarization, (P, Eo) that arises as a consequence of
any symmetry breaking present at the surface. When considering
all these contributions, W, becomes a function of the surface charge
density ¢ [16,17] :

Wi = Wo + 01 (Ap)a® + aa(ip, 4s)0
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where the coefficients «; and ¢« depend on the Debye screening length
for the electric field Eo, /p ~ 600nm, and on the screening length for
the surface polarization Ps, /s ~ 10 nm. The other typical length scale
involved is the thickness of the surfactant monolayer, that corre-
sponds to a single molecular length, about 26 A for the HTAB [18].
This length changes by changing the number n of CHy groups. This
can alter the surfactant adsorption properties at the glass surface as
well as its solubility in the water.

From the above expression, we see that W, may have a minimum
for a certain value of ¢. In this case, changing the surface charge den-
sity may lead to a change of the anchoring energy and eventually to
the transition from the homeotropic to the planar alignment [17].
Indeed, it is already known that changing the surface charge density
can change the anchoring energy and induce transitions from planar
to homeotropic alignment [16]. Thus, the anchoring instabilities that
we have observed for short chain lengths under the microscope illumi-
nation can be explained if we consider that, under illumination, the
photo-induced voltage Epy can induce a change of ¢. The existence
of a critical chain length that optimizes the optical response should
be related to the fact that this length minimizes the anchoring energy
and thus renders the system more sensitive to the photo-induced
changes.

Moreover, it has been recently shown that the photoisomerization of
the azo-dyes close to the surface can also alter ¢ [19], thus contributing
to the modulation of W,r. As we have discussed in relation with the
experiments at different dye concentrations, when the light is shone
onto the cell, the photo-induced field Epy pushes the MR molecules
towards the surface of the cell, where their photoisomerization can
be effective in modulating the surface charge density and, hence, the
anchoring energy. A more detailed, and eventually quantitative,
explanation of the phenomenon would require a careful comparison
of all the relevant length scales, comprised the surface roughness,
and all the involved energies, comprised the adsorption of the surfac-
tant molecules at the surface.

POLARIZATION HOLOGRAPHY

As further investigations about the mechanisms generating light-
induced re-orientational phenomena in azo-dye doped nematics, we
have studied the response of the cells by using a polarization holo-
graphic technique. Polarization interference patterns are obtained
by superposing two orthogonally polarized beams. The polarization
of each pump beam is controlled by a quarter-wave or a half-wave
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plate, in such a way to fix orthogonal polarizations. The interference
polarization pattern has a spatial period A~ 17um, so that the
Raman-Nath condition, A% >> Jd, is fulfilled. Two types of polariza-
tion patterns were used in the experiment, as listed below.

Left and right circularly polarized pumps. By using two quarter-
wave plates, right and left circularly polarized incident beams are
obtained. The superposition of the two beams creates an optical field
which can be written in the form:

ﬂ 1= 1-
E,pt x % cos (2K~F> +5/sin(2K : F) (1)

where X and y are unit vectors along the p-polarized and the
s-polarized state, respectively, and K is the grating vector,
K =2n/A. As shown in Figure 10a, the polarization state is every-
where linear and goes through vertical, +45°, horizontal, —45° and
back to vertical in one period.

+45° linearly polarized pumps. By using two half-wave plates,
pump beams linearly polarized at +45° and —45°, respectively, are
obtained. The interference of the two beams produces an optical field
which can be written in the form:

Eopt X X COS (%If . F) + iy sin (%Iz . F) (2)

oNe
N N
® SR

FIGURE 10 Polarization patterns obtained through the interference of a) left
and right circularly polarized pumps, b) +45° linearly polarized pumps.
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where i = vV/—1. As shown in Figure 10b, the polarization state varies
from linear horizontal, right circular, linear vertical, left circular and
back to linear horizontal in one period, passing through elliptical
polarization states.

As usual, the occurrence of a diffraction grating inside the cell is
tested by a low power (0.8 mW) He-Ne laser (1 = 633nm), used as
probe beam. The probe beam is at normal incidence on the sample
and its polarization is fixed by using a half-wave or a quarter-wave
plate. The quality of the diffraction grating is evaluated by measuring
the diffraction efficiency, n.; =1.1/Io.

For left and right circularly polarized pumps, dynamical diffraction
gratings are observed and typical rise time is about 100 sec. The dif-
fraction efficiency of the grating depends on the state of polarization
of the probe beam. In Figure 11 the time evolution of 1, ; are reported
for linear a) s and b) p-polarization of the probe as well as for c¢) left
and d) right circular probe polarization. For all measurements the
total pump intensity is I;, = 2mW /cm?2. At the beginning of the grat-
ing formation, 5,; have the same value in the case of linear probe,
while for circular probe only the +1 or —1 diffracted order is present

loff

16+ +1 10 loff
144 +1
12] A 81
s < 6
g 4] )
= =
61 4 1
4] N
2] . )
0 time (s) o time (s)
0 10 20 30 40 50 0 20 40 60 80 100
(a) (b)
16, . 27y | ot
14 241 )
124 217
~ 104 184
s 8 ¥ 154
< 7 & 12
6 o]
44 6
24 1 .
0 A time (s) g *1 time (s)
0 20 40 60 80 100 0 10 20 30 40

(c) (d)

FIGURE 11 Time evolution of the diffraction efficiencies #,; in the case of
a) linear s, b) linear p, c¢) left circular and d) right circular probe. Pump inten-
sity is I;;, = 2mW /cm?.
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for left or right circular polarization, respectively. At longer times,
when saturation takes place, the response of the grating changes.
For linear probe a separation in the values of 4, ; and #_, appears. This
separation is much larger for the p-polarized probe than for the
s-polarized one. Besides, in the case of left (right) circular probe,
the —1 (+1) diffracted order, that was not present at the beginning
of the grating formation, also appears (see Fig. 11c and d, respect-
ively). When the pump beams are switched off, the grating is com-
pletely erased, at variance with previously reported experiments for
planar cells [7]. The maximum diffraction efficiency, n_; ~ 24%, is
obtained for right circular probe, whereas n,; ~ 14% for left circular
probe.

From the temporal evolution of 7, ; we see that, during the grating
buildup, the director reorientation exactly follows the local electric
field along the polarization pattern. This leads to a diffraction grating
corresponding to the ideal case, for which the diffracted +1 and —1
orders are expected to have opposite circular polarizations and the
grating separates any incident polarization into two circular ortho-
gonal components [20]. Thus, for a linear probe, the intensities of
the +1 and —1 diffracted orders should have the same value, 3, ; =
n_1 = (sin® Ag)/2, where A¢ = (27/7) And and An is the photo-induced
birefringence. In the case of a circularly polarized probe, only one
diffracted beam is expected. For a left circular probe #_; =0 and
N1 = sin?A¢, while for a right circular probe 7 +1=0 and
n_1 = sin? A¢p. We see from Figure 11 that these rules are respected
during the grating build-up, until saturation of the reorientation takes
place.

The observed behaviors can be qualitatively explained by consider-
ing that surface effects play a fundamental role at the beginning of the
reorientation [4]. Thus, trans-cis photoisomerization of the dye close to
the first surface of the cell (illuminated side) triggers the light-induced
weakening of the anchoring condition and the subsequent reorien-
tation of the LC molecules. During the grating buildup, the director
reorientation, driven by this surface effect, follows the direction
imposed by the polarization pattern. Later, the reorientation is trans-
ferred in the volume of the cell, where bulk effects become important.
Here, slight distortions with respect to the ideal case appear because
of the elastic coupling with the other surface of the cell.

As further tests, we have measured the steady-state values of the
diffraction efficiencies . ; by gradually varying the polarization state
of the probe. At this purpose, a quarter-wave plate on the probe beam
is put in rotation at a constant speed by using a motorized rotation
stage. This way, all polarization states are realized, depending on
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FIGURE 12 Diffraction efficiencies 7,; vs ®; © is the angle between the
probe polarization and the fast axis of a) the quarter-wave plate and b) the
half-wave plate.

the angle ® between the fast axis of the quarter-wave plate and the
polarization of the probe chosen as reference (s-polarization). As
shown in Figure 12a, for circularly polarized probe (® = (2n + 1) 45°,
n=0,1,2,...) only one diffracted beam prevails, while the other one
can be neglected. For linearly polarized probe (® =n90°,
n=20,1,2,...), n,; and n_; have the same value, though a weak separ-
ation is more evident for the p-polarized probe (® = 90° and 270°)
than for the s-polarized one (® = 0° and ® = 180°). For intermediate
states of polarization, the +1 and -1 diffracted orders are pro-
portional to the left and right circular polarization components into
which the probe can be decomposed. We have repeated the same
experiment by using a half-wave plate on the probe beam. This way,
all linear polarization states are realized, depending on the angle ®
between the fast axis of the half-wave plate and the s-polarization of
the probe. In this case, we expect 1, and n_; to have the same value,
independently from the linear probe polarization. However, as shown
in Figure 12b, a separation in #n,; and 5_; occurs. This separation
is almost zero in the case of s-polarization (® =n90°,n =0,1,2,...)
whereas it is maximum in the case of p-polarization (® = (2n + 1)
45°n=0,1,2,...).

When the pump beams are 4 45° linearly polarized, dynamical dif-
fraction gratings also appear with a typical time scale of 100 seconds
and the diffraction efficiency depends on the state of polarization of
the probe beam, as shown in Figure 13. Nevertheless, in this case
the response of the grating significantly differs with respect to the
ideal behavior. Indeed, in this case #,; and #_; are expected to be
independent on the polarization of the probe and to have the same
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FIGURE 13 Time evolution of the diffraction efficiencies 7., in the case of a)
linear s, b) linear p, c) left circular and d) right circular probe. Pump intensity
is I;, = 8mW/cm2.

value, that is, 11,1 =n_1 = |J1(A¢) 2, where J1(A¢) is the first order
Bessel function [21]. Moreover, for the diffracted waves, the grating
should act as a half-wave plate with the fast axis at 45° from the ver-
tical direction.

The experimental results show that for linear probe (Fig. 13a and b)
a separation in the #,; and #_; values is always present. For left cir-
cular probe (Fig. 13c) the +1 and —1 diffracted orders reach the same
steady-state value and substantially there is no separation until satu-
ration. On the contrary, for right circular probe 1., and n_; are always
different and y—1 reaches a higher value with respect to #_; (Fig. 13d).
When the pump beams are switched off the grating is completely
erased. The maximum diffraction efficiency, n_; ~ 3.5%, is obtained
for s or p-polarized probe. This value is much smaller than the
maximum diffraction efficiency obtained for circularly polarized
pumps. For any probe polarization the +1 and -1 diffracted orders
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are elliptically polarized and a strong light diffusion is observed, show-
ing that the molecular director is not fixed in one direction, but it is
rather fluctuating between different orientations, compatible with
the mixed states along the polarization pattern.

We have also tested the diffraction gratings by gradually varying
the polarization state of the probe, through rotation of a quarter-wave
plate. We observe a strong dependence of 1,; from the probe polariza-
tion and a higher separation in the n,; and 5_; values for circular
probe with respect to linear probe. By rotating a half-wave plate, we
observe that the separation of n,; and 5#_; remains almost constant
for any linear polarization.

From these observations, we can conclude that the diffraction grat-
ings obtained by the interference of +45° linearly polarized pumps are
less efficient than those obtained by opposite circularly polarized
pumps. Moreover, their response considerably differs with respect to
the ideal case. A possible explanation of this difference can be found
by considering the behavior of the molecular reorientation in the circu-
larly polarized regions. Since in the absence of any symmetry breaking
there is no preferential orientation for the director reorientation, we
would expect that in these regions the molecular director is randomly
distributed. However, it has been shown that, in the case of two circu-
larly polarized pumps, both in the same direction, the reorientation of
the nematic director follows a three-dimensional trajectory that is
strongly influenced by a weak symmetry breaking related to the treat-
ment of the cell surfaces [14]. This symmetry breaking is introduced
by the direction of withdrawing of the glass plates during the depo-
sition of the anchoring agent. In our case, as the cell preparation
is the same, we can assume that in the circularly polarized regions,
the director, instead of being randomly distributed, reorient along
the direction of the symmetry breaking. This effect is not very impor-
tant in the case of opposite circularly polarized pumps, since the linear
polarization along the interference pattern always dominates the mol-
ecular reorientation, thus imposing a specific direction. However, the
observed small separation between #1,; and y_;, as well the slight
asymmetry between the s and p-polarized probe, may be attributed
to the same influence of the withdrawing direction.

CONCLUSIONS

We have presented new advancements in the understanding the origin
of the giant nonlinear optical response in azo-dye doped nematics. We
have changed the surface anchoring conditions by varying the length n
of the aliphatic chain of the C,,TAB surfactant. We have shown that an
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extremely high response is obtained only in the case n = 19, corre-
sponding to HTAB, a product already known as a liquid crystal
anchoring agent [9]. We have changed the dye concentration and we
have tested the cells in different experimental geometries, either for
linear or circular polarization of the pumps. All the results give indica-
tions that the extremely high sensitivity of azo-dye doped nematics is
not only strongly related to the presence of ionic surfactant on the
side-walls of the cell, but is even strongly influenced by the molecular
conformation of the surfactant.

By illuminating the cells with two pump beams both circularly
polarized in the same direction, we have previously shown that the
motion of the nematic director is characterized by a relatively fast
in-plane component followed by a much slower and out-of plane
component [14]. Here, we have reported dynamical diffraction
gratings arising when the cell is illuminated by two pumps beams
polarized in opposite directions, either circularly or linearly. The
resulting interference pattern has a uniform intensity, whereas the
local polarization varies periodically in space. As no intensity modu-
lation is present in the interference region, the occurrence of a diffrac-
tion grating inside the cell shows that the light induced reorientation
of the liquid crystal molecules is the main effect, and allows to neglect
all the mechanisms related to light intensity gradients, such as charge
migration or thermal heating.

During the grating build-up, the molecular reorientation exactly
follows the direction of the electric field along the polarization pattern.
This is true especially for left and right circularly polarized pumps. In
this case the diffraction gratings decompose any incident polarization
into two opposite circular components. This property has been widely
investigated in azobenzene materials, such as side-chain azobenzene
polymers and azo-dye guest-host polymers [22,23], in which perma-
nent diffraction gratings are recorded through the light induced reori-
entation of the azobenzene chromophores. Polarimetric applications of
this property have also been proposed [24]. On the contrary, in the
case of & 45° linearly polarized pumps, the grating dynamics signifi-
cantly differs with respect to the ideal case. This difference could be
related to a slight symmetry breaking in the sample, such as the influ-
ence of the withdrawing direction during the cell preparation.

In summary, we can conclude that the light induced molecular
reorientation in azo-dye doped cells results as a combination of the
surface effect with the bulk features of the MR molecules. The reorien-
tation starts at the surface, because of the migration and excitation of
the MR molecules close to the confining plate, and then propagates in
the bulk. As the surface-induced reorientation sets in, dye-doped
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liquid crystals begin to absorb more and more light because of the dye
dichroism and the diffraction signal grows with a long time scale. This
slow process is accompanied by the trans—cis photoisomerization of the
dye molecules and saturates after a time that decreases with increas-
ing the input light intensity [3]. Memory effects are related to the
induced photovoltaic effect and may become important either at high
input intensity or at relatively high values of MR concentrations,
eventually leading to the recording of permanent gratings. Here,
dynamical gratings have been proved to arise under illumination with
polarization patterns. The observed optical properties are promising
for photonic applications, such as dynamical optical memories and
polarimetric devices.

The reported measurements confirm the extremely high sensitivity
of the azo-dye doped nematics and shed light onto the microscopic
mechanisms that are at the origin of their “supranonlinear” optical
response.
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