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Effects of light on molecular orientation of liquid crystals
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Abstract. A review of basic physical phenomena underlying the light-induced molecular
reorientation in nematic liquid crystals is presented. A detailed description of the mechanisms
of direct optical torque, photoisomerization and photorefractivity and of their effect on the
macroscopic order of liquid crystals is reported. The first part of the article deals with the study of
reorientation effects in transparent liquid crystalline materials. Here, the effects of photo-induced
molecular reorientation are fully interpreted within the framework of classical electrodynamics and
standard continuum theory of liquid crystals. We investigate the peculiar properties related to the
macroscopic anisotropy and the collective behaviour of liquid crystals that result in extraordinarily
large nonlinear optical response. Afterwards, the behaviour of liquid crystals in the presence of
light absorption is considered and the related reorientation effects are discussed. We give a review
of the wide phenomenology which is met in liquid crystals when doped with absorbing azo-dye
molecules. The photoisomerization process that in this case drives the evolution of the dye–liquid
crystal mixture consequent to the interaction with the light is discussed in detail. Finally, the
relatively new field of photorefractivity in liquid crystals as a source of molecular reorientation
is considered. We describe the different mechanisms contributing to the creation of a space-
charge field such as conductivity anisotropy, dielectric anisotropy and photocharge production.
A theoretical discussion of the fundamental mechanisms regulating the dc-field-assisted optically
induced space-charge fields and the optical molecular reorientation in nematic liquid crystal films
is also given.

1. Introduction

It is well known that molecular reorientation is an important mechanism to induce a nonlinear
optical (NLO) response in fluids. Even if the medium is macroscopically isotropic, molecules
are often anisotropic, therefore the optical field will align them because of the interaction
with the permanent or induced dipoles of the molecules. As a consequence, a molecular
redistribution also occurs due to the interaction among the induced dipoles. The reorientation
and redistribution of molecules give rise to a change of the molecular polarizabilities that
depends on the field strength and may lead to effects such as nonlinear scattering or nonlinear
birefringence. In general this mechanism leads to a NLO polarization driven by aχ(3) tensor
of the order of 10−14–10−15 esu.

As already pointed out these effects are observed in materials which are isotropic but are
constituted of anisotropic molecules. The peculiarity of liquid crystals (LCs) is that not only
they are made of anisotropic molecules but also they keep this anisotropy on a macroscopic
scale. Thus, even if the above cited phenomenon of molecular reorientation may occur, much
stronger effects can take place which are related to the macroscopic anisotropy and the collective
behaviour of these materials. In this paper we will be concerned with these effects, which are
peculiar to LCs and lead to extraordinarily large NLO response. We will review the main
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properties of the light-induced phenomena which strongly affect the macroscopic order of
LCs. To this end we will not follow the microscopic point of view that deals with the single
molecule and its reorientation but rather we will undertake a macroscopic approach making
use of the concept of molecular directorn. In fact, a liquid crystal (LC) being a fluid material
characterized by long-range orientational order (nematic LC), it is possible to define a unit
vectorn, called the molecular director, which represents the average direction of the molecular
long axis. Then, the collective properties of the system can be studied within the frame of
a continuum theory so that the macroscopic physical properties vary according to the local
orientation of the directorn = n(r), r being the position vector. Of course, this model applies
as long as the average ofn over a large number of molecules is meaningful, i.e. as long as
variations ofn occur over distances much larger than the molecular scale. In this way the
light-induced effects on the orientation of an LC are investigated as the effects on the average
molecular direction, i.e. the wayn(r) is modified by the interaction with light.

As a matter of fact light can interact in several ways with an LC, producing variations of
the director orientation. However, in the following we will consider only those phenomena
in which the optical field of the electromagnetic wave interacting with the medium plays
a direct crucial role. In contrast, effects where reorientation is an indirect consequence of
energy absorption, like thermal reorientation, will be disregarded. In particular the following
mechanisms of reorientation will be reviewed:

(a) direct optical torque due to light field;
(b) photoisomerization;
(c) photorefractivity.

We believe that at the present state of knowledge these are the basic phenomena occurring
in the interaction of light with LCs.

2. Optical torque

2.1. Experimental observations

In 1980 Zel’dovich and coworkers [1] announced the discovery of giant optical nonlinearities
in nematic LCs. By detecting a self-focusing effect they measured a nonlinear dielectric
permittivity nine orders of magnitude higher than it is in a strong nonlinear liquid like CS2.
Almost at the same time Khoo and Zhuang [2] and Zolot’koet al [3] reported similar results in
experiments dealing with the nonlinear optical response of nematics, and Shen and coworkers
[4] reported the observation of the optical Fredericksz transition. From these observations it
was soon clear that an optical field could act on the liquid crystal molecules in a way very
similar to a low frequency electric or magnetic field, the observed nonlinear optical behaviour
being just the effect of a change of refractive index consequent to a change of the director
orientation. After the first demonstrations, many other experiments were performed [5–27]
mainly with two different aims. The first one was the exploitation of the huge nonlinear
response of LCs in order to study nonlinear optical effects, such as self-phase modulation and
optical bistability, in simple geometries; the second one was the use of the nonlinear response to
obtain additional information on the material parameters such as elastic constants, viscosities
etc. It is not the aim of the present paper to review all the possible studies related to this optical
reorientation process; rather, starting from the experimental evidence of this effect, we want
to give a presentation of the method that can be used to treat the problem and to underline its
main consequences.

The theoretical description given below is based on simple but important experimental
observations. These experiments can be performed either by looking at self-induced effects,
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thus measuring the optical nonlinear response on a single light beam, or by probing with
a second beam the reorientation induced by the first one. The self-induced effect is well
demonstrated in the self-focusing geometry: a lens is used to focus the light beam before the
LC sample (figure 1) and the beam diameter is measured in the far field after crossing the
sample. The change in the beam diameter of an incident Gaussian beam demonstrates that
the refractive indexn depends on the intensityI asn(I) = n0 + n2I . In fact, whenn2I > 0
the refractive index will be a maximum in the centre of the beam, decreasing to its minimum
valuen0 at the edges. This means that the LC cell acts as a nonlinear positive lens whose
intensity-dependent focal lengthf can be experimentally measured; in this wayf −1(I ) gives
a direct measurement ofn2 (figure 2).

Figure 1. Geometry of the self-focusing effect in liquid crystals.

Figure 2. Inverse focal length of the liquid crystal as a function of the incident power. The circles
correspond to a hybrid aligned (HAN) LC cell, the dots to a homeotropic (HOM) LC cell. The two
sets of data were measured with the same material and cell thickness. After Simoni and Bartolino
[17].

A key point of this experiment is the observation of the self-induced effect only in the
extraordinary wave passing through the anisotropic liquid crystalline medium, whereas no
change is detected in the ordinary wave whose refractive index is constant and equal ton⊥.

For the extraordinary wave the refractive index is given by

n = n‖n⊥
n2
‖ cos2 θ + n2

⊥ sin2 θ
(1)
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whereθ is the angle between the light wavevector and the molecular directorn and the symbols
‖ and⊥ stand for parallel and perpendicular ton, respectively. Therefore, the experimental
results say thatθ changes with the intensity.

As already mentioned, another way of showing the optical reorientation is to make use of
a pump–probe technique, which is able to detect very small effects. In this case, one intense
(pump) beam is used to induce the reorientation and a second weak (probe) beam to detect
it (figure 3). The quantity measured is the intensity of the probe beam when the sample is
placed between crossed polarizers: in this configuration any change of the director orientation
changes the optical phase shift between the ordinary and extraordinary waves of the probe
beam and gives rise to a signal transmitted by the analyser. Again, the detected phase shiftψ

can be related to the change of refractive index due to a change of orientation, since it is

ψ = 2π

λ

∫ d

0
n(z) dz (2)

with d being the thickness of the LC cell.

Figure 3. Schematic representation of a pump–probe experiment.

The conclusion of these observations is that light can exert an ‘optical torque’ on the
LC molecules thus changing their orientation. Accordingly, we speak of ‘optical torque’
every time the electric field of an electromagnetic wave acts on the liquid crystal director
and eventually reorients it. We are not talking here about conventional molecular reorientation
which may occur in any fluid material due to the simple coupling between the molecule’s dipole
moment and the applied field, but we are considering only the peculiar feature of LCs, that
is, the collective reorientation. Actually, the origin of the phenomenon is the same as in other
fluids even though it seems difficult to work out how an optical field oscillating at frequencies
between 1014 and 1015 Hertz is able to induce a collective reorientation with response time
of the order of seconds. As a matter of fact, if one considers the dipole momentp induced
by the oscillating fieldE = E0 eiωt , it is possible to write it asp = αE = p0 eiωt , where
α is the molecular polarizability tensor. As a consequence the torqueτ = p × E acting
on the molecule is given byτ(t) = (p0 × E0) cos2ωt . Since the collective motion is very
slow in comparison with the optical period, one has to consider the time average ofτ (t),
i.e. 〈τ (t)〉 = (1/2)(p0 × E0). Two important features then become apparent: (i) the high
frequency optical field may induce a low frequency collective reorientation motion; (ii) far
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from saturation, the optical torque is proportional to the square of the electric field (sincep0

is proportional toE0). At first sight the only difference with respect to the effect induced by
a static or low frequency electric field is the factor 1/2 from the time average. Really, this
simple consideration may be misleading since the interaction between light and LC molecules
is a complex problem that involves the elasticity of the medium and the properties of wave
propagation in an anisotropic inhomogeneous medium, giving rise to phenomena which have
no counterpart in the low frequency case. The corresponding analytical problem has closed
form solutions only under specific approximations as discussed in detail in the following
section.

2.2. Theoretical approach

A rigorous description of the interaction between light and LC needs the formulation of the free
energy density of the system followed by minimization through the Euler–Lagrange equations
[28]. The elastic properties of the medium are described by the Frank elastic free energy
density [29]:

FK = K1

2
(∇n)2 +

K2

2
(n · ∇× n)2 +

K3

2
(n×∇× n)2 (3)

whereK1,K2,K3 are the splay, twist and bend elastic constants.
BesidesFK we have to consider the contributionFOPT from the interaction with the light

field, and then proceed to minimization of the total free energy density

F = FK + FOPT . (4)

Additionally, it is necessary to take into account proper boundary conditions and, in
the case of finite anchoring energy, also the contribution to the free energy density coming
from the interaction with the boundary surfaces. However, in many circumstances thestrong
anchoringapproximation is fulfilled, which means that variations of the director orientation
are negligible near the surfaces. In this case, the chosen geometry fixes the director orientation
at the boundaries. We consider first this situation.

Before investigating in detail the form ofFOPT it is better to take a look at the Euler–
Lagrange equations obtained by minimization ofF with the constrainn(r) ·n(r) = 1. These
are ∑

β

∂

∂xβ

∂F

∂(∂nα/∂xβ)
− ∂F

∂nα
= −λ(r)nα (5)

whereα = x, y, z andλ(r) is an arbitrary function ofr. In the absence of any electromagnetic
wave the equilibrium configuration ofn is obtained by placingF = FK in equation (4) and
the boundary conditions will forcen to have a specific orientation. In this way, as suggested
by De Gennes [29], it is possible to define a molecular field vectorh such thatn is parallel to
h when no field is applied

hα =
∑
β

∂

∂xβ

∂F

∂(∂nα/∂xβ)
− ∂F

∂nα
= −λ(r)nα. (6)

Accordingly, the molecular field produces an effect similar to that produced by an electric or
magnetic field acting on the director with a torque that is zero only whenn is parallel toh so
that at equilibrium it ish = −λ(r)n. With this definition, the equilibrium condition expressed
by equation (5) can be written in the form

n× h = 0. (7)
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Equation (7) allows us to define theelastic torqueas

ΓK = n× h. (8)

Then, with no field applied the equilibrium is obtained when the elastic torque vanishes.
In order to understand more deeply the meaning of this statement it is useful to consider the
following important example. Under the one constant approximation (K1 = K2 = K3 = K)
equation (4) leads to:

h = K∇2n. (9)

In the case of planar distortion,n depends on a single parameter which can be chosen to
be the tilt angleθ between the director and the axis normal to the boundary surfaces,z. Then
we have

nx = sinθ(z)

nz = cosθ(z)
(10)

and considering a uniform distortion in a transversal plane, i.e.∂/∂x = ∂/∂y = 0, we obtain

hx = K{− sinθ(z)[dθ/dz]2 + cosθ(z)[d2θ/dz2]}
hz = K{− cosθ(z)[dθ/dz]2 − sinθ(z)[d2θ/dz2]} (11)

and the elastic torque becomes:

ΓK = n× h = (hxnz − hznx)j = K[d2θ/dz2]j. (12)

The equilibrium conditionΓK = 0 imposes d2θ/dz2 = 0, i.e. dθ/dz = constant, which
will be fixed by the boundary conditions. In case of equal orientation on both surfaces
(n parallel to the boundaries, i.e. planar alignment, orn perpendicular to the boundaries,
i.e. homeotropic alignment) this condition becomes dθ/dz = 0 and a uniform planar or
homeotropic orientation is obtained through the whole sample, thus realizing a single-crystal-
like orientation over macroscopic distances.

Following this approach to describe the collective orientation of the liquid crystal
molecules we want to write the effect of the electromagnetic field as an additional torque
ΓOPT acting on the director such as the new equilibrium condition is given by

ΓK + ΓOPT = 0. (13)

This simple relationship allows us to work out the observed effects of optical reorientation
in LCs from a macroscopic mechanical point of view. Under the action of an electromagnetic
wave the director field takes a new equilibrium configuration; after the optical field is switched
off (so that0OPT becomes zero), the director field goes back to the initial orientation due to
the elastic torque.

However, it is not easy to obtain an explicit expression for0OPT since the problem has
analytical solutions only in peculiar conditions. In order to explain the physics of these optical
reorientation phenomena we will keep the approximation ofin planedirector reorientation
which allows us to use only one Euler angle to definen locally. The wave nature of the
exciting field represents another problem since it makes the optical field not uniform inside
the medium. If the director distortion takes place over distances larger than the wavelength,
as usually occurs, then it is possible to use the geometrical optics approximation (GOA) [30].
Under these assumptions we will work out the expression ofFOPT and will identify theoptical
torqueas

0OPT = ∂FOPT /∂θ (14)

from basic definitions of dynamical quantities.
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In order to obtainFOPT let us first recall the relationship between the electric induction
and the electric field

D = ε⊥E +1ε(n ·E)n (15)

with 1ε = ε‖ − ε⊥, and the energy density of the interaction with the field

UE = − 1

4π

∫
D · dE. (16)

Actually the electromagnetic wave carries also a magnetic field which interacts with the
medium. However, even if the interaction energy is equal to the one due to the electric field,
the orienting action is negligible and therefore its contribution can be disregarded.

Then, when considering the oscillating fieldE = 1
2(E0 eiωt + CC) it is straightforward to

obtain

FE = − 1

16π
εikEiE

∗
k = −ε⊥

|E|2
16π
− 1ε

16π
(n ·E)(n ·E∗) (17)

where minimization is carried out by consideringE as a fixed parameter. It is convenient here
to use the Euler–Lagrange equations in the following form:

∂F

∂qi
−
∑
β

∂

∂xβ

∂F

∂(∂qi/∂xβ)
= 0 (18)

whereqi are the chosen thermodynamical coordinates which in our case correspond to the
Euler angles of the director. Moreover, for planar reorientation they reduce to a single tilt
angleθ . Finally, the total free energy density can be written as:

F = FK + FE = K1

2
sin2 θ

(
dθ

dz

)2

+
K3

2
cos2 θ

(
dθ

dz

)2

− ε⊥ |E|
2

16π
− 1ε

16π
(n ·E)(n ·E∗)

(19)

whereE = {Exux +Ezuz} ei{[(ωs/c)x+kzz]−ωt}, with k0 = kxux + kzuz the vacuum wavevector
andkx = ωs/c, with s = sinβ0 andβ0 the external incidence angle. Minimization ofF leads
to:

(K1 sin2 θ +K3 cos2 θ)

(
d2θ

dz2

)
− (K3−K1) sinθ cosθ

(
dθ

dz

)2

+
1ε

16π
{sin 2θ(|Ex |2 − |Ez|2) + cos 2θ |ExE∗z +E∗xEz|} = 0. (20)

From a qualitative point of view the difference with respect to the low frequency case is the
requirement for the field to fulfil the wave equation. Under GOA the solution can be written
as

(K1 sin2 θ +K3 cos2 θ)

(
d2θ

dz2

)
− (K3−K1) sinθ cosθ

(
dθ

dz

)2

+
1ε

16π
h(θ) = 0 (21)

whereh(θ) is defined as:

h(θ) =
[
g2

0g − s2(ε⊥ε‖)− g1ε2 sin2 θ cos2 θ − 2sg1/21ε(ε⊥ε‖)1/2 sinθ cosθ

g2
0g

1/2

]
A2 sin 2θ

−
[
s(ε⊥ε‖)1/2 + g1/21ε sinθ cosθ

g0

]
2A2 cos 2θ (22)

with g = ε⊥ + 1ε cos2 θ − s2, g0 = ε⊥ + 1ε cos2 θ = ε‖ − 1ε sin2 θ andA a constant
parameter proportional to the light intensity and defined as

A2 = (8π/c)(ε⊥ε‖)−1/2I cosβ0. (23)
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At normal incidence we can further simplify the problem and obtain

h(θ) = 2A2 sinθ cosθ

g
3/2
0

ε‖ε⊥. (24)

Finally, using the elastic anisotropyKa = 1−K1/K3 we have:

(1−Ka sin2 θ)
d2θ

dz2
−Ka sinθ cosθ

(
dθ

dz

)2

+ I
(ε‖ε⊥)1/21ε sinθ cosθ

cK3(ε⊥ +1ε cos2 θ)3/2
= 0. (25)

In this equation the first two terms represent the elastic torque,0K = ∂FK/∂θ , whereas
the last one is the optical torque0OPT = ∂FOPT /∂θ . Accordingly, equation (25) is simply
the mechanical equilibrium equationΓK + ΓOPT = 0. Integration is easily performed to give

(1−Ka sin2 θ)

(
dθ

dz

)2

+ f (θ, I ) = c2 (26)

where

f (θ, I ) = I 2

cK3

(ε‖ε⊥)1/2

(ε⊥ +1ε cos2 θ)1/2
(27)

andc2 is an integration constant to be determined from the boundary conditions.θ1 andθ2

being the pretilt angles, integration of equation (26) gives∫ θ2

θ1

[
1−Ka sin2 θ

c2 − f (θ, I )
]1/2

dθ = d (28)

whered is the sample thickness. In the case of strong anchoring,θ1 andθ2 are fixed by the
experimental geometry (θ1 = θ2 = 0 for the homeotropic cell,θ1 = θ2 = π/2 for the planar
cell, andθ1 = 0 andθ2 = π/2 for the hybrid aligned cell).

After calculatingc2 from equation (28), the director distribution at a given light intensity
θ(z, I ) is worked out from the integral equation:∫ θ(z)

θ1

[
1−Ka sin2 θ ′

c2 − f (θ ′, I )
]1/2

dθ ′ = z + d/2 (29)

assuming thez = 0 plane at the centre of the cell.
Once we know the actual director orientation throughout the nematic cell at a given

intensity, it is possible to investigate the different effects which arise as a consequence of the
applied optical torque. As a matter of fact, upon changing the boundary conditions (pretilt
angles and anchoring energy) and polarization state of the impinging light, many different
situations occur, some of which have not been studied yet. For this reason, we will review
only the most important effects which are somehow representative of the different categories
which these phenomena may belong to.

As far as light propagation is concerned, the main effect of the collective reorientation is
a huge change of the refractive index of the extraordinary wave travelling through the liquid
crystal sample. Such a variation is so big as compared to conventional nonlinear materials
that the related optical effects justify the denomination of giant optical nonlinearities. The
nonlinear optical response can be easily worked out when the functionθ(z, I ) is known. The
dielectric permittivity at optical frequencies of the extraordinary wave travelling in the liquid
crystal can be written as

ε[θ(z)] = ε2 − (1ε/2)2
ε + (1ε/2) cos 2θ(z)

(30)
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whereε = (ε‖ + ε⊥)/2. The nonlinear part of the dielectric permittivity is

δε(z, I ) = ε(z, I )− ε(z, 0) (31)

that is:

δε[θ(z, I )] = 1ε

2

[
ε2 −

(
1ε

2

)2 ] cos 2θ(z, 0)− cos 2θ(z, I )

[ε + (1ε/2) cos 2θ(z, 0)][ε + (1ε/2) cos 2θ(z, I )]
(32)

whereθ(z, 0) is the tilt angle distribution at zero intensity andθ(z, I ) is the distribution under
illumination of intensityI . Equation (32) gives alocal value of the nonlinear part of the
dielectric permittivity; the effect of all the sample is obtained by averagingδε over the cell
thickness

〈δε〉 = 1

d

∫ d/2

−d/2
δε(z, I )dz. (33)

As a consequence we obtain a nonlinear part in the refractive index given by

δn = δε

2n0
eff

(34)

wheren0
eff = n(z, 0) is the zero intensity refractive index of the extraordinary wave.

The dependence ofδε andδn on the optical field can be made explicit by means of a series
expansion of equations (33) and (34). In this case (small reorientation), a square dependence on
the field (linear in the intensity) is obtained. However, the complete analytical expressions are
necessary to describe the behaviour at higher intensity when saturation occurs. As an example
figure 4 reports the quantity〈δε〉 calculated for a hybrid aligned cell (θ1 = 0, θ2 = π/2) under
strong anchoring conditions, against the light intensityI , at normal incidence. As mentioned,
a linear dependence onI (i.e. square dependence on the field) is apparent at low intensities
whereas a saturation value is approached with increasingI . This behaviour is easily explained
in terms of an almost complete alignment of the molecules along the field. The light power
required to reach saturation is of the order of 104 W cm−2 and can be obtained by slightly
focusing on the sample a low power c.w. laser beam.

2.3. Small reorientations

In order to work out the role played by the material parameters in the nonlinear response, it is
useful to consider the small reorientation approximation and obtain an analytical expression
for the nonlinear permittivity. As an example, let us consider the homeotropic nematic cell
where initially the director is aligned along a direction perpendicular to the boundary surfaces
(θ1 = 0,θ2 = 0). By linearization of equation (20), in the limitθ � 1, we obtain

K3

(
d2θ

dz2

)
+
1ε

16π
{2θ(|Ex |2 − |Ez|2) + |ExE∗z +E∗xEz|} = 0. (35)

Using the field calculated within the GOA, this latter reduces to

K3

(
d2θ

dz2

)
+H(θ) = 0 (36)

where

H(θ) = A21ε

8π

{
ε⊥(ε‖ − 2s2)

ε‖(ε‖ − s2)1/2
θ − s

(
ε⊥
ε‖

)1/2}
. (37)

Again, equation (37) can be considered as a torque balance equation, i.e.ΓK + ΓOPT = 0,
where

0OPT = H(θ). (38)
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Figure 4. Average nonlinear dielectric permittivity of a hybrid aligned cell (θ1 = 0, θ2 = π/2)
under strong anchoring conditions against the impinging light intensityI at normal incidence. The
following parameters have been used:d = 10µm;Ka = 0.074;ε‖ = 3.2; ε⊥ = 2.4.

Equation (37) has the simple solution:

θ = A2 1ε

16πK3
sinβ0

(
ε⊥
ε‖

)1/2 [
z2 −

(
d

2

)2 ]
. (39)

Under the approximation1ε/ε⊥ � 1 and for small reorientations it is possible to write

εeff = ε⊥[1 + (1ε/ε‖) sin2 β + 2θ(1ε/ε‖) sinβ cosβ] (40)

where the last term

δε = 21εθ(z)(ε⊥/ε‖) sinβ cosβ (41)

represents the nonlinear part andβ is the internal incidence angle. Averaging over the cell
thicknessd, one obtains

〈δε〉 = A2 1ε
2

8πK3

(
ε⊥
ε‖

)3/2
d2

6
sinβ0 sinβ cosβ. (42)

As for the homeotropic cell the zero intensity refractive index isn0
eff ≈ (ε⊥)1/2 and

sinβ0 ≈ (ε‖)1/2 sinβ, considering the relation betweenA2 and the light intensityI , the
nonlinear part of the refractive index becomes:

〈δn〉 =
[
1ε2

2K3cε‖

(
ε⊥
ε‖

)1/2
d2

6
sin2 β cos2 β

]
I. (43)

According to the usual definitionn = n0 + n2I we have then

nHOM2 =
[
1ε2

2K3cε‖

(
ε⊥
ε‖

)1/2
d2

6
sin2 β cos2 β

]
. (44)

This final expression is very useful to point out the dependence of the nonlinear part
of the refractive index on the materials parameters and on the geometry used. The most
important feature related to the material properties is the dependence on the square of the
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optical anisotropy1ε, which accounts for the huge value of the obtained optical nonlinearity
as consequence of the highly anisotropic properties of LCs. Using the parameters of the nematic
liquid crystal E7 (ε‖ = 3.01, ε⊥ = 2.33,1ε = 0.68,K = 10−6 dynes) withd = 50 µm
andβ = 15◦ we obtainn2 = 0.5× 10−5 cm2 W−1 which is a very high value if compared to
conventional nonlinear liquids. At intensities of the order of 103 W cm−2, an overall variation
of the refractive index〈δn〉 = 0.005 can easily be obtained! It is interesting to underline that
such a huge nonlinear response gives rise a strong nonlinear phase shiftδψ = (2π/λ)〈δn〉d,
given by:

δψHOM
NL = 2π

λ
d

[
1ε2

2K3cε‖

(
ε⊥
ε‖

)1/2
d2

6
sin2 β cos2 β

]
I. (45)

Using the above parameters we obtainδψ = π atλ = 514.5 nm. Similar results can also
be obtained starting with a different prealignment of the liquid crystal such as the planar or the
hybrid one.

The huge nonlinear phase shift induced by the nonlinear response gives rise to the amazing
ring pattern observed by focusing the light beam on the sample (figure 5). As pointed out above,
it is quite easy to reach intensities that produce phase shifts of severalπ , so that the different
parts of the beam corresponding to the same wavevector give rise to an interference pattern
which is easily observable with liquid crystals. The maximum phase shift can be obtained by
simply counting the overall numberN of rings, i.e.δψMAX = N2π (figure 6).

Figure 5. The amazing ring pattern due to self-phase modulation in liquid crystals.

2.4. Threshold effects

In the discussion on the optically induced torque we have considered a light beam impinging
on a liquid crystal sample with an incidence angleβ0 6= 0. On the other hand, the condition
β0 = 0 gives rise to important consequences.

Let us consider the optical torque for a polarized dielectric:

ΓOPT = (1/4π)(D ×E). (46)

Using the expression of the electric induction for nematics

D = ε⊥E +1ε(n ·E)n (47)
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Figure 6. An example of the behaviour of the nonlinear optical phase shift against the impinging
light in a pump–probe experiment. Upper data refer to a 50µm thick sample, lower data to a 28µm
thick sample. (After Umetonet al [18].)

and considering a complex optical field, we obtain

ΓOPT = (1ε/8π)(n ·E∗)(n×E). (48)

This expression allows us to point out that the optical torque is present only when the
angle between the director and the optical field is different fromπ/2 and, obviously, from
0. However, the liquid crystal is an optically anisotropic (usually uniaxial) medium and an
electromagnetic wave splits into two components, an ordinary and an extraordinary wave,
when propagating through it. The ordinary wave always fulfils the conditionn · E = 0,
therefore no optical torque can be originated from it. As a consequence, only the extraordinary
wave can induce optical reorientation and then can be affected by it during the propagation,
thus producing nonlinear optical effects. When a linearly polarized beam impinges upon a
uniformly aligned homeotropic nematic sample at an incidence angleβ0 = 0, the wavevector
is parallel ton, thenΓOPT = 0 and no reorientation occurs. However, the thermal fluctuations
of the molecules around the direction ofnmake possible a coupling with the optical field. In
this case, if the intensity of the field becomes strong enough, the initial orientation becomes
unstable and a reorientation may occur. As soon as a small reorientation is established, it can be
continuously increased due to the appearance of an extraordinary wave in the medium. This
is the typical configuration leading to the threshold phenomenon which in homeotropically
aligned samples is called the optical Fredericksz transition (OFT). It is characterized by a well
defined threshold intensity and may occur whenever the initial geometry allows propagation of
only the ordinary wave. OFT is the optical counterpart of the well known Fredericksz transition
effect induced by static magnetic or electric fields in LCs. The OFT and the other threshold
phenomena can be considered asorder transitioneffects and the possibility of driving this
transition with a light beam may have important consequences. As a matter of fact, many
different cases can be considered which cannot be treated in the same way, therefore we will
give here a brief description of the OFT as the most important example of these effects.

Considering a linearly polarized beam impinging at normal incidence on a homeotropically
aligned sample, near threshold the small distortion approximation is certainly fulfilled, so we
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can use equation (36) withs = 0 taking into account that for smallθ , Ex = A(ε‖)1/4; then

d2θ

dz2
+

1ε

8πK3
|Ex |2ε⊥

ε‖
θ = 0. (49)

This equation is very similar to the one obtained in the low frequency or static case where the
fieldE replaces the term1

2Ex(ε⊥/ε‖). The strong anchoring boundary conditionsθ1 = θ2 = 0
makeθ(z) = 0 a stable solution throughout the whole cell. This solution becomes unstable
whenEx exceeds a threshold value. This result is found from the time dependent Euler–
Lagrange equation

d2θ

dz2
+

1ε

8πK3
|Ex |2ε⊥

ε‖
θ = γ

K3

∂θ

∂t
(50)

where γ is a viscosity coefficient. Looking for solutions in the formθ(z, t) =∑
θq(t) sin[(qπ/d)z + π/2], each time-dependent amplitude functionθq(t) is found to obey

the following equation

−q2
(π
d

)2
θq +

1ε

8πK3
|Ex |2ε⊥

ε‖
θq = γ

K3

∂θq

∂t
(51)

whose solution is

θq(t) = θq(0) e0q t (52)

with

0q = (1ε/8πK3)(ε⊥/ε‖)|Ex |2 − q2(π/d)2

γ /K3
. (53)

This solution becomes stable when0q > 0, that is above a threshold field given by

Eth =
(

8π3K3ε‖
1εd2ε⊥

)1/2

(54)

which corresponds to a threshold in the intensity given by

Ith = cK3

1ε

ε‖
ε

1/2
⊥

π2

d2
. (55)

Above threshold the director distribution is described by

θ(z) = θM sin[(πz/d) + π/2] (56)

whereθM can be calculated from equation (49)

θM ≈
(
I/Ith − 1

4B

)1/2

(57)

with B given by [31]

B = 1

4

(
1−Ka − 91ε

4ε‖

)
. (58)

The expression forθM points out the rapid increase of the distortion above threshold: it
is easy to obtain reorientation of 30◦ with a light intensity of only 10% above the threshold
value. It is worth just recalling that the OFT and similar phenomena can be dealt with using
methods typical of phase-transition study (Landau–De Gennes expansions [29]); however,
such an approach is well beyond the aim of this paper.
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2.5. Effects of boundary conditions

A wider phenomenology oforder transitionscan be found when the strong anchoring condition
is not fulfilled. In this case, Euler–Lagrange equations must be considered also for the
boundaries. Under the hypothesis of planar reorientation, the free energy at the surfaces
can be written as [28]

Fs1(θ) = (1/2)Ws1 sin2(θ − θ∗1 )
Fs2(θ) = (1/2)Ws2 sin2(θ − θ∗2 )

(59)

and the following equations are finally obtained:

Li{[1−Ka sin2 θi ][c
2 − f (θi, I )]}1/2 = ± sin(θi − θ∗i ) cos(θi − θ∗i ) (60)

whereθ∗1 andθ∗2 are the pretilt angles andWi andLi = K3/Wi (i = 1, 2) are the anchoring
energies and the extrapolation lengths, respectively, corresponding to the two boundary
surfaces. From a mathematical point of view the problem is now more complex as we have three
unknown quantitiesθ1, θ2 andc2 to be determined by simultaneous solution of equations (28)
and (60). Once we have solved this system of equations, we can calculate the actual director
distributionθ(z). In general we obtain an enhancement of the nonlinear reorientation, a result
that is easy to understand since in this case also the molecules close to the boundaries can be
reoriented thus strengthening the nonlinear response.

By coupling the equations for the boundary conditions with the Euler–Lagrange equations
for the bulk, it is possible to study in a general way the stability of different configurations
under different boundary conditions. In this way it is possible to work out a sort of phase
diagram, called aphase-order diagram, where intensity is reported on one axis and sample
thickness on the other one. An example [28] of such a diagram is given in figure 7, whered

againstI is plotted for a liquid crystal cell withθ∗1 = 0 andθ∗2 = π/2 (hybrid aligned nematic)
and extrapolation lengthsL1 = 1 µm, L2 = 5 µm. The meaning of this diagram is in the
mapping of the I,d space into regions of stability for the different order configurations. The
borderlines separating the different regions identify, for each sample thickness, the threshold
intensity that is required to drive the transition from one order configuration to another one.
In the case of figure 7, transitions from homeotropic to hybrid to planar order are possible.
The diagram also shows when a nonlinear optical behaviour can be expected; in fact, only a
distorted configuration gives rise to a nonlinear response. Therefore, with reference to figure 7,
a nonlinear response in possible only in the HAN region.

2.6. Plane waves with elliptical polarization

We have already observed that in spite of the parallelism existing between the interaction
of a liquid crystal with a low frequency field and its interaction with an optical field, a
major qualitative difference is due to the constraints imposed to the fields by the Maxwell
wave equation. However, for linearly polarized waves the equations obtained for the optical
field may be very similar to those of the static case. In contrast, something completely new
occurs when one considers light with elliptical polarization impinging on the liquid crystal
sample. Santamato and coworkers have carried out extensive theoretical studies [32–34] and
experimental investigations [35–39] on the effects of an elliptically polarized plane wave
normally incident on a nematic liquid crystal, extending these studies to chiral nematics [40]
and to smectic C∗ liquid crystals [41].

In this case we must consider a non-planar reorientation and represent the director as:

n = sinθ cosφx + sinθ sinφy + cosθz. (61)
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Figure 7. Sample thicknessd against the intensity as obtained in the weak anchoring (L1 = 1µm
andL2 = 5µm) for a HAN cell. The curves define the different regions of stability for the HOM,
HAN and planar (PLAN) configuration. The following parameters have been used:Ka = 0.074;
ε‖ = 3.2; ε⊥ = 2.4.

Keeping the plane wave approximation it is still possible to writeθ = θ(z) andφ = φ(z),
with ∂/∂x = ∂/∂y = 0. As a consequence the elastic free energy density becomes

FK = 1

2
(K1 sin2 θ +K3 cos2 θ)

(
dθ

dz

)2

+
1

2
(K2 sin2 θ +K3 cos2 θ) sin2 θ

(
dφ

dz

)2

(62)

Assuming negligible absorption (i.e. constant intensity throughout the cell) and in the
framework of the GOA, the total electromagnetic energy density can be written as

wE = (1/8π)(Eo ·Do +Ee ·De) = (1/8π)(n2
o|Eo|2 + n(θ)2|Ee⊥|2) (63)

whereEe
⊥ = Ee − z(z ·E) = Ex cosφ +Ey sinφ, andno = n⊥.

In the low birefringence approximationn(θ) − no � 1. Equation (63) can be rewritten
in a more manageable form as

wE = I

c
no +

I

2c
[n(θ)− no]{1 + (1− e2)1/2 cos[2(ψ − φ)]} (64)

wheree is the wave ellipticity andψ is the angle between the ellipse major axis and thex axis.
Then the total free energy density is written asF = FK −wE and minimization is carried out.
The following two equations are then obtained

d

dz

[
(K2 sin2 θ +K3 cos2 θ) sin2 θ

dφ

dz

]
+
I

c
[n(θ)− no](1− e2)1/2 sin[2(ψ − φ)] = 0 (65a)

[K3− (K3−K1) sin2 θ ]
d2θ

dz2
− (K3−K1) sinθ cosθ

(
dθ

dz

)2

− sinθ cosθ [K3− 2(K3−K2) sin2 θ ]

(
dφ

dz

)2

+
I

2c

dn(θ)

dθ
{1 + (1− e2)1/2 cos[2(ψ − φ)]} = 0. (65b)
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These equations must be solved together with those concerning the reduced Stokes parameters
(si = Pi/P ) which, under the GOA, obey a precession equation

ds

dz
= Ω× s (66)

wherePi are the usual Stokes parameters and

Ω = (ω/c)[n(θ)− no](cos 2φ, sin 2φ, 0). (67)

Writing equation (65a) in a different form it is possible to work out its fundamental
meaning. It is well known that an elliptically polarized monochromatic wave carries an angular
momentum given by:

Lz = (I/ω) sin 2χ (68)

with P3 = P0 sin 2χ . Taking into account the precession equation (66) we obtain

dLz
dz
= I

c
[n(θ)− no]{(1− e2)1/2 sin[2(ψ − φ)]} (69)

which compared to equation (65a) gives

d

dz

[
(K2 sin2 θ +K3 cos2 θ) sin2 θ

dφ

dz

]
+

dLz
dz
= 0. (70)

This equation is nothing else than the conservation law of angular momentum. The first
term in square brackets is the angular momentum that is transferred to the liquid crystal from
the light losing angular momentum according to the derivative dLz/dz; whenever dφ/dz 6= 0
an exchange of angular momentum takes place.

Equation (65) can be applied to the very important case of a purely twisted liquid crystal
whereθ = constant andφ = φ(z); this situation occurs both in twisted nematics and in
smectic C∗. In this case the two equations become

C

2

(
dφ

dz

)2

+
I

c

[
no +

n(θ)− no
2

]
{1 + (1− e2)1/2 cos[2(ψ − φ)]} = E = constant (71a)

C

(
dφ

dz

)
+

(
I

ω

)
e = M = constant (71b)

whereC = (K2 sin2 θ + K3 cos2 θ) sin2 θ . Eliminating dφ/dz between them,E can be
calculated

E = I

c

[
no +

n(θ)− no
2

]
+

1

2C

(
M − Ie

ω

)2

+

(
I
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(72)

and accordingly(
de

dz

)2

=
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ω

c
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−
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2
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−
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1
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ω

)2]2(2ω

I

)2

. (73)

This equation can be solved in terms of elliptic integrals, and the constantsM andE are
determined by the boundary conditions.

Equations (72) and (73) are the starting point to study the effects of the optical torque
on twisted structures, one example being the OFT in twisted nematics. However, little
experimental work has been done on this subject up to now. In contrast, the most amazing
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results have been obtained when considering the dynamic behaviour. Different dynamic
regimes have been demonstrated [37]: distorted equilibrium states, persistent oscillations and
precession–nutation regimes. Spontaneous and peculiar routes to chaotic oscillations have
also been observed [42].

In order to understand how the angular momentum transfer can be linked to the director
motion it is necessary to consider again the time dependent Euler–Lagrange equations. To this
purpose the dissipative function is identified with the viscous torque. In this case, the angular
momentum conservation law integrated over the cell thickness is written as

γ

∫ d

0

(
∂φ

∂t

)
sin2 θ dz = I

ω
1s3 (74)

where1s3 is the variation of the ellipticity between the exit and the entrance plane. Since
1s3 is proportional to the variation of angular momentum it means that this variation induces
a precession of the director around thez axis. In this way, depending on the polarization state
of the impinging light, on the light intensity and on the pretilt angles, different combination of
distortion (distributionsθ(z)) and azimuthal motion (φ(t)) may be present, which explain the
different dynamical regimes experimentally observed.

2.7. The J́anossy effect

Since 1990 J́anossy and coworkers have reported [43–48] an anomalous behaviour in a
dye-doped nematic liquid crystal submitted to optical fields. They discovered that in
homeotropic samples of guest–host mixture (dye concentration 1–2%) the threshold for the
optical Fredericksz transition was two orders of magnitude lower than in pure nematics, it
being possible to induce it with pump powers of 1 mW or less. After some experiments
it became clear that a thermomechanical coupling due to heating of the sample could not
explain the observations since different dyes having the same absorption coefficient gave rise
to different behaviours. In particular, while anthraquinone dyes produced the effect, azo-
dyes did not. This fact revealed that laser heating could not be responsible for low power
reorientations. Moreover, the experimental observations were in complete agreement with
the above described phenomenology that is typical of an optical torque acting on the liquid
crystal. On the other hand, the low concentration of dyes in the mixture only slightly affects
the material parameters such as1n orK and this cannot account for the huge change in the
optical power necessary to induce the reorientation. For all these reasons, the first step made
in order to explain this effect was to consider an additional light-induced torque superimposed
on the usual optical torque. Then, based on the similarity between the behaviour observed in
doped and pure nematics, the additional torque could be written as:

ΓDYE = ηΓOPT (75)

η being a parameter characteristic of the dye. The observed decrease of the threshold of OFT
by two orders of magnitude indicates a value ofη of about 100. By introducing a dimensionless
parameterζ = η1ε, which depends only on the structure of the particular dye, it is possible
to write

ΓDYE = (ζ/8π)(n ·E∗)(n×E). (76)

As a matter of fact, a more extended experimental investigation has shown thatζ may
have positive or negative values, depending on the structure of the dye.

The J́anossy effect has been probably the first of a series of several different phenomena
observed in guest–host systems where the orientation of the director is strongly affected by the
light. It is still an open question whether a number or most of these phenomena are nothing
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else than different aspects of a general type of interaction occurring between dye and liquid
crystal molecules. We mention here the Jánossy effect because from a macroscopic point of
view it appears just as an enhancement of the optical torque even though its microscopic origin
seems to be much more complex. In contrast, the effects related to phototransformation of the
dye molecules, such as photoisomerization, will be discussed later.

The basic assumption made for explaining the anomalous reorientation is the existence of
a peculiar interaction between the excited dye molecules and the liquid crystal. In particular,
it is assumed that the mean field acting on the dye molecules is different in the ground state
and in the excited state.

Marrucci and Paparo [49] have recently developed a microscopic model where they
consider the additional photoinduced torque due to light absorption by the dye molecules
as distinct from the optical (or electromagnetic) torque as defined above. Through a balance of
all the average torques acting on all the molecules, they find that the photoinduced torque must
be interpreted as a friction torque. This friction corresponds to an angular momentum transfer
between a rotating molecule and its neighbour molecules due to intermolecular interactions. In
the limit of small dye anisotropy and small light intensity they were able to find an approximate
expression for the photoinduced torque parameterζ

ζ = 16π

15
σNdS

τeNh

1 + 6Deτe

(
ueh − De

Dg

ugh

)
. (77)

HereS is the host order parameter,ueh andugh are coefficients which describe the strength
of the dye–host orientational interaction,De andDg are the rotational diffusion constants in
the excited and in the ground state, respectively,τe is the lifetime of the excited level,Nd and
Nh are the total number of dye and host molecules per unit volume andσ the absorption cross
section. The expression (77) is useful to identify the most important parameters affecting the
Jánossy effect. The first one isσNd which can be easily related to the absorption coefficients
for the extraordinary and ordinary waves

σNd = c(neαe + 2noαo)

8πhν
. (78)

Another parameter is the decay time of the non-equilibrium dye distribution

τd = τe

1 + 6Deτe
. (79)

A third important parameter1u takes into account the change occurring in the intermolecular
interactions of a dye molecule with its environment when it is electronically excited

1u =
[
ueh − ugh

(
De

Dg

)]
Nh. (80)

It depends on the mean field change and on the variation of diffusion coefficients. This
parameter is actually the most sensitive to the molecular structure of both the dye guest and the
nematic host. Reasonable values of the model parameters such as1u = 0.1 eV,τd = 10−9 s
andα = 100 cm−1 give a value ofζ = 100, in agreement with the experimental findings in
the most effective dye–LC mixtures.

3. Photoisomerization

3.1. General aspects of the phenomenon

Polarized light can exert a torque on the director of a nematic LC via interaction with light-
absorbing azo-dye molecules (i.e. molecules containing the azo group) dissolved in the LC
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matrix. This effect is due to a photoinduced conformational change of the azo-dyes, which is
called photoisomerization.

Light-induced isomerization of azobenzene derivatives is a well known phenomenon that
has been extensively studied in the past [50]. Azobenzene derivatives may exist as two
geometric isomers, thetransand thecis form. These two configurations differ in the direction
of the central bonds (figure 8). In the energetically more stabletrans state the two bonds
linking the azo group to the aromatic rings are parallel, resulting in an elongated shape of the
molecule. In the metastablecis state the angle between the two bonds is 120 degrees and the
molecules adopt a V-like conformation. The two isomers differ in their absorption spectra.
In addition, their orientational orders in nematic LCs are different too, namely thetrans form
is significantly more ordered than thecis one. The mechanism of thetrans–cisisomerization
process is schematically represented in figure 9. The photoisomerization reaction begins by
elevation of molecules to electronically excited states, followed by nonradiative decay back
to the ground state in either thecis or trans form. This latter process involves a sequence of
steps including (i) relaxation of the nuclear coordinates towards the energy minimum, (ii) de-
excitation and (iii) further relaxation leading to one of the two isomeric forms. The absorption
spectra oftrans-azobenzenes exhibit their absorption maxima at around 350 nm due to aπ–
π∗ transition and at around 450 nm due to ann–π∗ transition. Thetrans–cisisomerization
is a reversible process and thetrans form is regenerated by exposure to visible light of the
proper wavelength (around 440 nm). The ratio ofcis/transstates is dependent on the quantum
yield of the appropriate photoisomerization reaction (φTC andφCT for the trans–cisand the
reversecis–transphotoisomerization reactions, respectively). As thetransisomer is generally
more stable than thecis isomer (for azobenzenes the energy barrier at room temperature is
approximately 50 kJ mol−1), molecules in thecis form may convert to thetrans form by one
of two mechanisms: (1) a spontaneous thermal back reaction, or (2) a reversecis→ trans
photoisomerization cycle. Thetrans–cisequilibrium can be controlled through the wavelength
and the polarization of the irradiating light [50]. The sensitivity of the photoisomerization
reaction to the light polarization originates from the highly anisotropic shape of the azo-dye
molecules in thetransform. Indeed, as the transition dipole moment of the azo-dye molecule
is directed along its long principal axis, the probability of an azo unit’s absorbing a photon
and subsequently isomerizing is proportional to the cosine square of the angle between the
transition dipole moment and the polarization direction of the exciting light. The molecules
aligned parallel to the polarization of the exciting light, therefore, have the highest probability
of being excited and isomerized. Consequently, when starting from isotropically distributed
trans isomers, linearly polarized green light burns a hole in this angular distribution because
of the selectivity of the molecular excitation and the concomitanttrans–cisisomerization.
This process is calledorientational hole burning. Furthermore the principal axis of the
molecule is reoriented as a result of the isomerization reaction (orientational redistribution).
Because of orientational hole burning and orientational redistribution,transmolecules leave
the direction parallel to the pump polarization and eventually align perpendicular to this
direction.

Photoisomerization-induced molecular reorientation, accompanied often by strong
photoinduced dichroism and optical anisotropy, has been observed in viscous solutions,
amorphous and LC polymers, low molecular weight liquid crystals and Langmuir–Blodgett
films [51]. However, its physical mechanism is not completely understood yet, although it is
clear that the phenomenon is based on a photoselection of molecular oscillators whose transition
moments coincide with the light polarization vector. Measurements of the light-induced
dichroism accompanying the molecular reorientation in several guest–host systems showed
that, after irradiation, the electronic oscillators of the dye are oriented perpendicularly to the
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Figure 8. Trans–cisisomerization of azobenzenes.

Figure 9. Schematic representation of thetrans–cisisomerization process.σT andσC are the
cross sections for absorption of one photon by a molecule in thetransor thecisstate, respectively.
8TC and8CT are the quantum yields of the transitions; they represent the probability per absorbed
photon of the photochemical conversion.τ is the thermal relaxation rate for thecis–transtransition.
This picture represents only simplified model of the molecular states. In fact, several excited states
may be involved in the process whereas the nuclear motions cannot be represented in general with
a single configurational coordinate.

light electric vector. It looks as if the electric vector repels electronic oscillators. Therefore the
light absorbed within an electronic band of a dye exerts a torque on the dye molecules. If the
same dye is incorporated in a nematic LC, the torque is transferred from the dye to the director
of the LC. In the recent years, interesting applications of the photoinduced isomerization of
azobenzenes have been proposed, such as data storage and holographic recording [52, 53],
materials processing for second order NLO applications [54] and regulation of surface
alignment in LC cells [55, 56]. In all these applications the dye molecules are embedded
in a solid matrix which strongly limits their orientational mobility. Reorientation processes
become possible, however, during the light-inducedtrans–cisor cis–transtransitions. In
this way, light irradiation leads to a non-equilibrium orientational distribution of the dye
molecules and a quadrupolar or even a polar order can be generated in the sample [57]. The
reversible light-induced dichroism of azodyes (guests) in an amorphous polymer matrix (host)
was studied in detail by Todorovet al [58]. The pump and probe technique was used to measure
the changes in absorbances of dye molecules simultaneously with their optical excitation in
the electronic band, corresponding to theπ–π∗ transition of thetrans form. The measured
decrease of the absorbance for probe polarization parallel to that of the pump and increase of
the absorbance for perpendicular probe polarization confirmed the mechanism of molecular
reorientation mediated by thetrans–cisphotoisomerization. The photoinduced dichroism was
shown to be accompanied by a photoinduced optical anisotropy (birefringence) which enabled
polarization holographic recording with high diffraction efficiency.
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Very interesting papers have recently been devoted to the photoinduced anisotropy in
amorphous polymer films [53, 59]. The key point is that the amorphous phase was prepared by
rapid cooling from the isotropic phase of mesomorphic polymers and therefore it is metastable.
If the system were cooled slowly the final state would be a nematic-like glass. In particular,
Läskeret al [59] studied the UV and IR dichroism of a copolymer containing two pendent
groups, an azobenzene chromophore and a dipolar rigid cyanobiphenyl fragment. Before
excitation the angular distribution of the electronic oscillators of the chromophore and the
vibrational oscillators of the cyanogroup were isotropic. On photoexcitation, they observed
the electronic oscillators of the azobenzene chromophore to orient perpendicularly to the light
electric vector, as expected for thetrans–cisphotoisomerization process. A result of particular
relevance is the simultaneous reorientation of the photoelectrically inactive biphenyl moiety
which, in fact, is driven to the new orientational state by its neighbour, i.e. the azobenzene
chromophore. The photoinduced molecular reorientation in amorphous polymers may be
easily modelled if one assumes an anisotropic photoselection of dye oscillators and free rotation
of the photoexcited chromophores [60].

3.2. Photoisomerization in polymeric LCs

Polymer LCs can be studied in both a liquid crystalline and a glassy state and, in these two
cases, the process of photoinduced molecular reorientation proceeds differently. Consider
first the nematic LC phase. As is well known, LCs are characterized by a certain degree of
orientational order that is quantitatively expressed by a quadrupolar order parameter tensor.
This latter can be decomposed [29] into a scalar order parameterS and a unit vector of the
preferential orientation of their molecular axes, the directorn. The scalar order parameter
describes the amount of orientational order of the molecules with respect to the preferable
directionn, and is defined as [29]

S = 1

2
〈(cos2 θ − 1)〉 =

∫
�

f (θ)[(3 cos2 θ − 1)/2] d� (81)

whereθ is the angle between the long molecular axis and the directorn,f (θ) is the orientational
distribution function and d� = sinθ dθ dφ is the solid angle. This parameter varies between
S = 0 in the isotropic phase (when the random molecular orientation makesf (θ) independent
of θ ) andS = 1 when all the molecules are perfectly aligned in the same direction (θ = 0 or
θ = π ). The photoinduced anisotropy is quantitatively estimated by the orientational order
parameter and can be calculated according to the usual definition as

S = α‖ − α⊥
2α⊥ + α‖

(82)

whereα‖ andα⊥ are the absorption coefficients (or absorbances) for polarization direction
parallel and perpendicular to the director, respectively (a detailed description of the relation
between dichroism and order parameter is given in [61]).

A number of LC copolymers have been synthesized which contain azobenzene
chromophores as pendent groups. The light absorbed by azobenzene chromophores causes
the reversibletrans–cis–transisomerization of the azo-bridge as discussed above. Since the
cis-form is not as elongated as thetrans-form it decreases the order parameter and reduces
the thermal stability of the nematic phase. The steady-state irradiation of a polymer in the
nematic phase by polarized light results in reorientation of both the chromophore and neighbour
mesogenic groups (and hence the nematic director) through the same angle in the direction
outward of the light electric vector. This was verified by means of UV and IR polarization
spectroscopy on a sample (see figure 10) frozen to room temperature just after irradiation [62].
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The sample consisted of a nematic side chain co-polymer with one azo co-monomer being
sensitive to light and the other being unable either to absorb light of the desired wavelength
or to perform an isomerization upon irradiation.In situkinetic measurements performed with
the pump and probe technique allowed us to measure the lifetime of the photoinduced rise of
birefringence [63]. Values variable in the range 20–60 s were found, independent of the phase
state (nematic, smectic, even glassy). This means that the kinetics of the process is controlled
by a kind of nonequilibrium (dynamic) microscopic viscosity. In contrast, relaxation times of
the induced birefringence are found to be very long in the glassy state (hours) but rather short
(minutes) in the nematic and smectic A phases.

Figure 10. UV absorption diagram of the copolymer studied in [62], measured at 360 nm before
(◦) and after (∗) irradiation with polarized light of 488.0 nm. The absorption is reported as a
function of the polarization of the measuring light. The direction of the irradiating light was tilted
10◦ with respect to the director. (After Anderleet al [62].)

It is of interest that in the glassy nematic state of a polymer studied in [62] there was no
appreciable reorientation of cyanobiphenyl moieties driven by reorienting chromophores. This
happens because the collective motion mentioned strongly depends on the molecular structure
of polymers. Polarized light leads to an effective reorientation of the optic axis even in the
glassy state of LC polymers containing the azobenzene mesogenic group, via thetrans–cis–
trans isomerization. This process is, in principle, based on a combination of a photoselection
and a subsequent more or less random reorientational motion of the selected molecules as
controlled by the local dynamics of the glassy state. A phenomenological description of this
effect has been proposed [53, 64] which is able to account for the phenomena found for LC
systems as well as for amorphous systems in the glassy state, and which allows one to calculate
also changes of the orientational distribution far from the original one. The model is based
upon the following assumptions: (a) a chromophore which is subjected to an isomerization
cycle changes its direction within the glassy state more or less randomly due to the variation
of its geometric shape from a stretched to a bent configuration; (b) the reorientation is the
effect of the local mobility within the glassy state as controlled by free volume fluctuations
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and of a partial or complete memory loss of the molecules undergoing an isomerization cycle
as far as their original orientation is concerned; (c) the azobenzene molecules are held in the
glassy matrix (there is no Brownian motion or any other effect which drives the molecules
back to their original orientation distribution after having changed their orientation under the
influence of an isomerization process); (d) the molecules are continuously subjected to the
isomerization cycle during irradiation and the corresponding reorientational motions unless
the transition dipole moment is perpendicular to the polarization direction of the light. The
final state of orientation is one in which all chromophores fulfil this requirement. The relevant
equations for photostationary systems in the melt or in solution are then

d[A]

dt
= I totabs

Etot
d{8BAεB [B] −8ABεA[A] }

d[B]

dt
= I totabs

Etot
d{8ABεB [A] −8BAεB [B]}

(83)

where [A], [B] are the concentrations of the species A and B,εA, εB are the molar extinction
coefficients,8AB , 8BA are the respective quantum yields andEtot is the total extinction for
a cell with a thicknessd. These equations can be extended to the solid state if the following
assumptions are made: (1) in the solid state the concentration has to be replaced by the
orientational distribution functionsfA(�) andfB(�) which represent the concentration of
molecules for every distinct solid angle; (2) the molecular extinction is replaced by the square
of the product of the transition dipole moment and the vector of polarization; (3) the rotational
diffusion step is represented by a transfer functionFAB(�,�

′)which gives the probability for
a molecule of pointing into� after a reaction, provided its initial orientation was given by�′.
The total change of the orientation distribution function is then given by the integral over all
�′ which turn into�, multiplied by the rate of reacting molecules. The result is then [64]

d

dt
fA(�)=I

tot
abs

Etot
d

[
8BA

∫
�′
FBA(�

′, �)fB(�′)(MB(�
′)eϕ)2 d�′

− ϕAB(MA(�
′)eϕ)2fA(�)

]
d

dt
fB(�)=I

tot
abs

Etot
d

[
8AB

∫
�′
FBA(�

′, �)fA(�′)(MA(�
′)eϕ)2 d�′

− ϕBA(MA(�
′)eϕ)2fB(�)

]
.

(84)

It is apparent that one stationary solution exists which corresponds to an orientation
distribution function where all molecules are perpendicular to the initial vector of polarization,
as experimentally observed. In addition, the model allows one to find a dynamic solution once
one has selected an appropriate transfer functionFAB . With a Gaussian choice [53, 64]

FAB(1ξ) = A e−n sin2(1ξ) (85)

wheren represents something like the rigidity of the matrix (a perfectly rigid matrix,n = ∞,
reorients the dye molecules always back to the original distribution whereas a completely soft
matrix,n = 0, does not give rise to any effective restoring force) one finds that the predictions
of the rate equation agree quite well with the experimental results. The examples of time
development of the reorientation of the optical axis in a side chain LC polymer reported in
[53] also point out that side chain LC polymers can typically be characterized as rather soft
materials.

The experimental results of Wendorff and coworkers [53, 64, 65] clearly indicate that
polarized light leads to an effective reorientation of the optic axis in the glassy-state of LC side
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chain polymers containing the azobenzene mesogenic group, via thetrans–cisisomerization.
In particular, upon irradiation in the glassy state only those molecules can change their
reorientation which are isomerized by the incident light (see figure 11(a)). Furthermore their
results indicate that the reorientation process in those systems is totally a local process if the
irradiation is performed in the glassy state. Since there is no coupling of a selected molecule to
the surroundings, it should be possible in principle to address the system on a molecular level,
i.e. a single molecule. Another interesting experimental result which is predicted by the above
simple phenomenological theory is the finding that the magnitude of reorientation depends only
on the energy brought into the system by the incident light and not on its intensity. Differently
from the glassy state, the experimental results performed illuminating the sample above the
glass transition, i.e. in the nematic fluid state, revealed that upon irradiation in the viscous
nematic state both the dye molecules as well as their surroundings can change their orientation
(figure 11(b)). Thus, while it should be able to address single molecules in the glassy state,
there is a collective process in the fluid nematic state, when photoselected rotational diffusion
in an LC side chain polymer takes place.

Figure 11. Schematic picture of the optical storage process on a molecular scale in a copolymer:
(a) in the glassy state; (b) in the fluid nematic state.n is the initial director.

3.3. Photoisomerization in low molar mass LCs

Photoinduced conformational changes in conventional (low molar mass) liquid crystals
containing azobenzene derivatives have been studied by a number of authors [66–69].
Particular interest has been paid to the photochemically induced switching of LC alignment at
macroscopic scales in relation to potential applicability in displaying and processing the optical
information. The applications of thetrans–cisisomerization process involving photoinduced
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(macroscopic) reorientation of the nematic director in LCs can be roughly divided into two
categories, depending on whether the azo-dye molecules are incorporated over the surface
of a solid polymeric layer [70–74] or on the contrary are dissolved within the LC host [75–
85]. In the former case, photoinduced isomerization of azo-dyes has been used to realize
the optically controlled alignment of LCs by means of ‘command surfaces’. The first [55]
example of this type of LC photoregulation was a reversible out-of-plane alignment alteration
between homeotropic (perpendicular) and planar (parallel) modes using molecular layers of
an azobenzene derivative upon alternate irradiation with UV (figure 12) and visible light for
the reversible isomerization. In these systems, the photoactive surface molecules play the
role of ‘commander molecules’ which control the alignment of the LC ‘soldier molecules’.
As an extension of the work on this type of alignment, Ichimura and coworkers reported the
azimuthal (in-plane) reorientation of LC molecules induced by exposing an LC cell to linearly
polarized UV light for thetrans–cisphotoisomerization and linearly polarized visible light
for the cis–transreverse process [71]. A closely related phenomenon of surface-mediated
alignment induced by polarized light was found independently by Gibbonset al [70] who
employed a polyimide doped with a dichroic azo-dye for a photoactive layer. They assembled
a cell using this coated glass surface as the top plate and a second glass substrate, coated only
with polyimide, as the bottom plate, both plates being mechanically rubbed to provide initial
planar alignment of the LC. Within the illuminated region, the light-induced transformation of
the photosensitive molecules resulted in the surface alignment of the LC director perpendicular
to the polarization of the impinging light, whereas molecules adjacent to the undoped layer
remained aligned parallel to the rubbing direction. Thus, the LC molecules in the cell assumed
a twisted nematic structure within the illuminated region.

Figure 12. Principle of operation of a photoswitchable command surface for the control of the
orientation of a liquid crystal. The molecular layer over the glass plate is an azobenzene derivative
which undergoes thetrans–cisphotoisomerization when irradiated by UV light, thereby controlling
the alignment of molecules in the overlying LC phase. Thetrans–cisisomerization is a reversible
process and thetransform is regenerated by exposure to blue light.

The situation when the azo-dye molecules are dissolved in conventional liquid crystals
to form guest–host systems is very different from that in solid films. In fact, conventional
thermotropic LCs have low viscosity and short molecular relaxation times. Therefore, in
these systems the dye molecules have a higher orientational mobility, a typical rotational
relaxation time being of the order of nanoseconds. In addition one can only observe a
reversible reorientation during steady-state irradiation. We have already seen that because of
the orientational hole burning and orientational redistribution consequent to the isomerization
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process,transmolecules leave the direction parallel to the pump polarization and eventually
align perpendicular to this direction. In these systems such an effect generates a torque on the
host-surrounding LC, which drags the LC molecules in the reorientation process and results in
a collective molecular rotation until the long axis (hence the directorn) becomes perpendicular
to the incident polarization. In other words, the light-induced torque is transferred from the dye
to the director of the LC. In fact such a torque has already been observed in several experiments
[46, 75, 80, 84–88]. In [75] the authors describe the alignment of a guest–host LC medium
by means of polarized light. An LC cell was made from two glass substrates coated with a
thin layer of polyimide. Both plates were rubbed prior to assembly and then assembled with
the rubbing directions parallel. The cell was then filled with a dye–LC mixture of 1.8 wt%
tetraazoperimedine dye in a commercial nematic LC at room temperature. The guest–host
LC cell was then illuminated with an argon ion laser polarized parallel to the direction of the
rubbing axis. After few minutes of exposure at 8 W cm−2 the LC in the illuminated region
oriented perpendicular to the laser polarization and remained aligned in the absence of laser
radiation.

The surface reorientation effects of the LC director, driven by the photoinduced bulk torque
in an azo-dye doped LC cell has been first studied by Reznikov and coworkers [81]. They
used a planar aligned LC cell where one boundary surface was coated by a polymeric layer
providing a negligibly small azimuthal anchoring energy. The observed surface reorientation
in the direction outward of the exciting light electric vector was attributed to the bulk director
reorientation consequent to thetrans–cisisomerization of the azo-dye molecules.

In spite of all the experimental observations, no physical model has yet been proposed
which provides a complete analytical description of the light-induced torque in terms of the
fundamental quantities involved in the process. The first quantitative analysis of the light-
induced torque exerted on the director of a nematic LC from dye molecules was reported by
Blinov et al [80]. The sign and magnitude of the torque were estimated from measurements
of the light-induced dichroism using a pump–probe technique. Two guest–host systems were
studied, both of them constituted of nematic mixtures with positive dielectric and optical
anisotropy. A small amount of a dye was dissolved in each of the mixtures. One of them,
an azo-anthraquinone, has an absorption band in the range 500–700 nm with a maximum at
670 nm, and a direction of the transition moment coinciding with the longitudinal molecular
axis. In the LC matrix it exhibits positive dichroism, i.e. its absorbance for light with electric
vector parallel to the director is higher than that for the perpendicular direction. The other dye,
a biphenyl-anthraquinone dye, does not contain the azobenzene bridge and has an absorption
maximum at 560 nm. The direction of its transient dipole moment is almost perpendicular
to the longitudinal molecular axis and it is negatively dichroic. In the field-off planar state
the light-induced dichroism was shown to be due only to the thermally induced decrease
of the orientational order parameter, for both samples and any probe polarization. The
situation changed dramatically when the initial planar orientation was disturbed by an ac
external electric field (field-on regime) exceeding the Fredericksz transition threshold. In
this situation, an additional photoinduced torque exerted on the director and directed outward
from the light electric vector could be observed only for the mixture containing azo-dye. As
an example, figure 13 shows the voltage-induced decrease in the absorbance of the probe
beam (curve 1) and the change in the photoinduced absorbance (curve 2) measured with the
azo-dye-doped sample planarly aligned along the vertical axis and with the probe and pump
polarization atφ = 45◦ andβ = −45◦, respectively, to the vertical axis. The polarization
dependencies of the photoinduced dichroism in the field-on regime clearly indicate that the
azo-dye oscillators are deviated outward from the pump beam electric vector. The kinetics
of this deviation corresponds to the director reorientation time and is found to be of the order
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of 100–200 ms. The director is deviated in the same direction as the dye molecules, that
is out of the exciting polarization. The authors observed [80] this kind of deviation of the
rod-like dyes over the whole range of voltages above the Fredericksz transition threshold.
Thus, the sign of the photoinduced torque exerted on dyes and the director in the absorbing
LC under study is opposite to the sign of the torque exerted on the director of optically active
positive LCs by the field of the light wave, for example in the case of the optical Fredericksz
transition. By comparison with the splay angle induced by the external ac field, the authors
also estimated the magnitude of the photoinduced torque. In fact, curve 1 in figure 13 gives the
field derivative dA/dU ≈ 0.051 V−1 in the vicinity of the positive maximum of curve 2.
Hence, the photoinduced absorbance dA = 2.4 × 10−3 would correspond to the torque
0EL = 1ε(U/d)2/4π exerted on the director by the external voltage ofU ≈ 50 mV (U is the
amplitude of the ac voltage andd is the cell thickness). Thus, for1ε = 10 andd = 10µm,
a photoinduced torque of the order of0PH = 0.02 erg cm−3 is exerted on the director by
an absorbed pump power of 10 mW (only 7% of the incident power is absorbed under the
conditions considered). The qualitative model proposed by the authors for the photoinduced
reorientation effects is based upon the fact that polarized light is absorbed selectively only by
those molecules whose electronic oscillators are oriented parallel or at a small angleθ to the
light electric vector. Since the excited dye molecules have a certain degree of orientational
mobility when dissolved in low molar mass LCs then, on their orientational relaxation to
the equilibrium state, they are free to choose any orientational state. In the steady-state
irradiation condition the relaxed molecules will more and more populate the states withθ

close toπ/2 at the cost of depletion of the area nearθ = 0. Then, if the assumption
about the freedom of the relaxed molecules to choose any orientation is fulfilled, the final
orientational distribution function would be strongly anisotropic with a principal orientation
of the oscillators orthogonal to the light electric vector. In a nematic LC the longitudinal
axes of the dye molecules must be oriented parallel to the director. Thus, the orientational
freedom of the dye molecules is limited by the existence of a uniaxial molecular field. In
order to change the dye orientation and decrease the absorption, the dye oscillators should
be reoriented together with the director of the LC. In this way a torque on the director is
generated which, however, is not strong enough to initiate a Fredericksz-like transition from
the equilibrium state. An external ac field exceeding the Fredericksz transition threshold is
necessary to initialize the process. When this occurs the director can be driven by absorbing
light in the direction outward from the electric light vector for positively dichroic dye and in
the opposite direction for a negatively dichroic dye. In the former case (but not in the latter),
the photoinduced twist distortion indeed has been observed. The different behaviour of the two
guest–host systems may be accounted for by the different molecular structure of the two dyes.
In fact, the molecules of the positively dichroic dye contains an azobenzene bridge which can
be easily photoisomerized.

A complex reorientation phenomenology involving the superposition of photoinduced
bulk and surface effects in an azo-dye-doped LC cell has recently been observed by a group
of researchers including the authors of the present paper [85]. In particular we reported
the first clear observation of photoinduced quasi-free sliding of the nematic director over an
isotropic boundary surface endowed with very weak anchoring energy. We showed that the
illumination with polarized laser light of an azo-dye doped LC cell induces both a transient
dynamic sliding and a permanent reorientation of the molecular director. These two effects,
that are in competition and tend to orient the director along mutually orthogonal directions, are
regulated by different physical mechanisms that operate on different time scales. The scheme
of the experimental setup is shown in figure 14. We used an LC cell, 20µm thick, filled with
a photosensitive mixture of 4′-n-pentyl-4-cyanobiphenyl LC (5CB) and azo-dye methyl red



R466 F Simoni and O Francescangeli

Figure 13. (1) The voltage-induced reduction of the absorbance of the probe beam (curve 1)
versus the amplitude of the externally applied ac voltage. (2) The behaviour of the photo-induced
absorbance for the positively dichroic azo-dye-doped sample planarly aligned along the vertical
axis. The probe and pump polarization are set atφ = 45◦ andβ = −45◦, respectively, to the
vertical axis. (After Blinovetet al [80].)

(MR) at weight concentration of about 1%. The inner surfaces of the two glass substrates
limiting the cell were coated by different layers. The reference surface (Sr ) consisted of a
mechanically rubbed polyimide layer that provided strong homogeneous uniaxial anchoring.
The control surface (Sc) was an untreated isotropic layer of polyvinyl-cinnamate fluoride
(PVCN-F) providing a negligibly small azimuthal anchoring on the second boundary. The
rubbed surface originally imposed homogeneous planar alignment of the LC molecules in
the cell. The polarized pump beam from an He–Cd laser (λ = 0.442µm; P = 1 mW)
was focused on the cell from the side of the control surface and the director reorientation
over this surface was detected by checking the polarization state of an He–Ne laser probe
beam (λ = 0.638µm) crossing the cell from the side of the reference surface. The electric
field of the probe beam was set parallel to the initial director planar orientationn0, and the
signal transmitted through an analyser crossed with it was detected. In this geometry [85], the
measurement of the ratio of the intensity received by the analyser to the intensity of the probe
beam allowed the determination of the director reorientation angle over the control surface.
Figure 15 reports the dependence of the modulus of the surface director reorientation angle
θ versus the timet of exposure to the exciting light, when the angleα between the incident
polarization andn0 was set to 45 degrees. The initial fast rise indicates that, as consequence
of the irradiation, the directornc over the control surface rotates away fromn0 towards a
direction perpendicular to the incident electric vector in the plane of the isotropic surface.
This behaviour can be explained in terms of a light-induced bulk torque which acts on the
LC molecules of the cell caused by the reorientation of the dye molecules due to thetrans–
cis photoisomerization process occurring under irradiation in the absorption band of the dye.
Because of the very small anchoring energy, the LC molecules over the isotropic surface slide
out of the exciting electric vector quasi-freely and tend to align perpendicular to it. Due to the
strong anchoring imposed by the rubbed surface, this reorientation results in a twisted director
configuration in the bulk. This effect is not permanent as the cell spontaneously recovers its



Molecular orientation in liquid crystals R467

initial planar configuration after the exciting beam is switched off.
The behaviour of|θ(t)| that follows the initial rise is a consequence of the anisotropy

induced by the light on the control surface, which results in the formation of an easy-
orientation axis parallel to the exciting field [78, 79]. The mechanism responsible for this
process seems to be the adsorption on the isotropic surface of the MR molecules which
undergo phototransformation. As the exposure time increases, the director rotates over the
control surface towards the easy axis and finally reorients parallel to it. The consequent twisted
director configuration which is set up in the cell is extremely stable: no change in the irradiated
area was found after several months. This effect has been exploited to record high-resolution
intensity [82] and polarization [83] holographic gratings in liquid crystal. The interpretation of
the experimental results in terms of a competition between sliding and capturing was confirmed
by measurements in which the anchoring energy of the easy axis was varied by pre-illumination
of the sample before irradiation (see the inset of figure 15).

A simple phenomenological model has been proposed which accounts for the above
experimental observations. According to this, two different mechanisms contribute to the
director reorientation over the control surface: the bulk torque due to the photoinduced
reorientation of the MR molecules, which favours director alignment perpendicular to
the exciting polarization, and the surface torque associated with the adsorption of the
phototranformed MR molecules, which favours alignment parallel to the incident polarization.
The competition between these effects controls the reorientation process. On the other hand,
the direct optical torque of the light field on the LC molecules can be neglected because of the
small intensity used in the experiments. The total free energy of the system was then written
as

F = 1

2
K

∫
[(∇ · n)2 + (∇× n)2] dV + χ

∫
(n · e)2 dV − w

∫
cs(β)(nc · l)2 dβ dS (86)

where the three terms represent the elastic, the bulk-reorientation and the surface-reorientation
contribution, respectively,K is the elastic constant of the LC in the one constant approximation,
n is the director in the bulk,e is the unit vector of the incident polarization,χ (χ > 0)
is a quantity measuring the strength of interaction between MR and LC molecules,l =
(cosβ, sinβ, 0) is the unit vector giving the local easy-axis direction for the surface director
reorientation due to MR adsorption,cs(β) is the anisotropic angular distribution of the surface
concentration of adsorbed MR molecules, andw (w > 0) is a quantity characterizing the
strength of interaction between LC and adsorbed MR molecules. The assumption of a reliable
model for the surface molecular adsorption [79, 85] allowed us to write the rate of adsoption
P(t) as

P(t) = c0(a
′ + b′cs0(t))E2νk(l1 · e)2 (87)

where c0 is the volume concentration of MR,a′ and b′ are proportionality constants,
cs0(t) =

∫
cs(β, t)dβ is the total concentration of adsorbed MR molecules,l1 =

(sinϕ cosβ, sinϕ sinβ, cosϕ) is the unit vector giving the orientation of MR molecules in
the interfacial region near the control surface,ν is the quantum efficiency of the adsorption
process andk is the absorption coefficient along the dye molecular axis. Considering that
the probability for the adsorbed dye molecules to have orientationl on the control surface is
proportional to

∫
P(t, ϕ, β) sinϕ dϕ and after integrating overϕ, the kinetic equations forcs

andcs0 became

dcs(β, t)

dt
= c0(a + bcs0(t))E

2νk(l · e)2

dcs0(t)

dt
= c0(a + bcs0(t))πE

2νk

(88)
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Figure 14. (a) Experimental setup: L1 and L2, lenses; BS, beam splitter;λ/2, half-wave plate;
LC, liquid crystal cell; F, filter; A, analyser; P, photodetector; C, computer. (b) Detail of the LC
cell. Eexe is the electric field of the exciting beam,EP is the electric filed of the probe beam.

Figure 15. Modulus of the surface director reorientation angleθ versus the exposure timet when
α = 45◦. A change of sign occurs inθ when the curve crosses the time axis. The inset shows a set
of |θ |–t curves measured after pre-illuminating the sample for different timest0 before irradiation:
(A) t0 = 0 s; (B) t0 = 10 s; (C) t0 = 20 s; (D) t0 = 50 s; (E) t0 = 120; (F) t0 = 360 s.
Pre-illumination was achieved by subjecting the sample to an incident lightfield (from an He–Cd
laser) parallel ton0; this induces an easy axis parallel ton0 whose anchoring energy increases with
t0. (After Francescangeliet al [85].)
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with a = 4a′/3, b = 4b′/3. Solution of the coupled equations (88) with the initial condition
cs(β, 0) = 0 gavecs(β, t) = a(bπ)−1[exp(t/τ )− 1] cos2(α − β) whereτ = (c0bπνE

2k)−1.
In the presence of pre-illumination of the sample for a time intervalt0 with light polarized
parallel to thex axis (α = 0), and of subsequent irradiation with light polarized at an angleα,
the angular distribution of adsorbed dye molecules at timet (t > t0) became

cs(β, α, t)t>t0 = a(bπ)−1[(exp(t0/τ)− 1) cos2 β + (exp(t/τ )− exp(t0/τ)) cos2(α − β)].
(89)

The corresponding surface free energy was then

FS = WS[(exp(t0/τ)− 1) cos2 θ + (exp(t/τ )− exp(t0/τ)) cos2(α − θ)] (90)

whereW = wa/(2b) andS is the area of the control surface. The time evolution of the
reorientation process was found by standard minimization of the total free energy, linearization
of the Euler–Lagrange equation and solution with the appropriate boundary conditions. In this
way we obtained for the surface reorientation angleθ

θ(t, t0) = −χ0cvL
2

K

1

1− 2ξ1(t0)
− ξ2(t, t0)

1− 2ξ1(t0)
(91)

whereξ1(t0) = 2WLK−1(exp(t0/τ)−1) andξ2(t, t0) = 2WLK−1(exp(t/τ )−exp(t0/τ)) are
the anchoring parameters andχ = χ0cv. Equation (91) provides a satisfactory reproduction of
the experimental results. The first term describes reorientation perpendicular to the light
polarization (θ < 0) while the second term describes reorientation towards the exciting
polarization (θ > 0); θ = 0 corresponds to the mutual compensation of the bulk and surface
torques.

The optical reorientation of nematic LCs in the presence of photoisomerization has been
recently investigated by Jánossy and Szabados [89] with special attention to the dependence
of the induced torque on the angleβ between the wavevector of the light beam and the nematic
director. The paper was motivated by previous experimental observations of other authors [90]
who reported a series of results on azo-dye-doped LCs which seemed to contradict the existing
models. In particular Barniket al found that, in their system, the absorption-induced torque
changed sign as the angleβ was varied; namely, it was negative for small angles and became
positive above a critical angle. In the general Jánossy picture of the photoinduced reorientation
in dye-doped LCs, the presence of the absorbing dye reflects into an enhancement of the
classical optical torque (see equation (75)). This enhancement of the torque has been explained
by several authors as the effect of an angularly selective resonant excitation of anisotropic dye
molecules, whose probability is proportional to the cosine squared of the angle between the
director and the exciting electric field. Then, the angular distribution of excited molecules is
tilted in the direction of the field, while that of molecules remaining in the ground state is tilted
perpendicularly to the field. If the attractive potential between dye and LC molecules is stronger
for excited than for unexcited dye molecules, the director is submitted to an attractive torque
toward the light electric field. In the opposite case, the dye-induced resonant torque repels the
director from the field. Indeed, rotations in both directions have been observed as previously
reported. In [89] a model is proposed where thetrans andcis forms of azo-compounds are
regarded as two separate dye dopants that contribute with different strengths or even sign to the
overall optical torque. The anomalous angular dependence of optical reorientation reported in
[90] is then explained by considering the photoinducedtrans–cisequilibrium as discussed in
the following.

In liquid crystals, at the low light intensities used for isomerization, the orientational
distributions of both thetrans and cis isomers basically correspond to a thermodynamic
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equilibrium, even during the isomerization process. In fact, the characteristic times for
photoisomerization are typically several orders of magnitude larger that the typical rotational
diffusion times for molecules in the nematic phase. These equilibrium distributions are
inherently anisotropic and the symmetry axis coincides with the direction of the nematic
director. However, the extent of orientational order is different for the two isomers. In
particular thetrans molecules, which have an elongated shape, should be more effectively
oriented along the LC host molecules than the V-shapedcis isomers. The former molecules
should therefore give a significantly higher contribution to the dichroism of the liquid crystal
than the latter ones. By light irradiation it is possible to change thecisconcentration and, as a
consequence, the magnitude of the anisotropy of the guest–host system. This result has been
experimentally verified by using a pump–probe technique [91]. For low dye concentrations, as
it is in most applications, the orientational distribution functions of thetransandcis isomers are
independent and are determined only by the guest–host interaction between the LC molecules
and the isomer. In thermal equilibrium the molecules are in thetrans form. Light irradiation
converts a fraction of the molecules to thecis form. When the pump beam is applied to the
LC-dye mixture, the concentration of thecis moleculesNC obeys the rate equation

dNC
dt
= (NT σ iT 8TC −NCσ iC8CT )I/hν −NC/τ (92)

where the first term on the right-hand side describes the light-induced transitions whereas the
second term represents the thermal-inducedcis–transtransitions (characterized by relaxation
timeτ ). In equation (92)8TC and8CT are the quantum efficiencies of thetrans–cisandcis–
transtransitions, respectively,NT is the concentrations of thetrans isomers,I the intensity of
the incident light,σ iT andσ iC are the absorption cross sections of a photon with energyhν for
a transand acis isomer, respectively (averaged over the orientational distribution function of
the relevant isomer). The indexi refers to the polarization direction of the pump beam and can
correspond to the extraordinary (e) or to the ordinary (o) ray. For the extraordinary ray, the
averaged cross sections depend on the angle between the light wavevector and the director. If
we introduce thetransandcis absorption coefficients defined as

αiT = Nσ iT αiC = Nσ iC (93)

whereN = NT +NC is the total number of dye molecules per unit volume, then the attenuation
αp of a probe beam polarized along thep direction when crossing a sample containing a fraction
X = NC/N of cis isomers, is given by

αp = (1−X)αpT +XαpC. (94)

In steady-state conditions dNC/dt = 0 and, from equation (92), the equilibrium value of
thecis fraction,X = Xieq , is found to be

Xieq =
XiS

1 + I iS/I
(95)

where the intensity parameterI iS is given by

I iS =
σ iC8CT + σ iT 8TC

τhν
(96)

and the quantity

XiS =
σ iT A

σ iC +Aσ iT
= αiT A

αiC +AαiT
with A = 8TC/8CT (97)

is the saturation value of thecis fraction at intensities much higher thanIS . Using a pump–
probe technique, the absorption coefficients of thetrans and cis isomers can be evaluated
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separately and the dye order parameters of both forms can be determined too. If we consider
a probe beam polarized in ther direction and propagating in the same direction as the pump
beam, the probe absorption coefficient belonging to the steady-state conditions is

αir = (1−Xieq)αrT +Xieqα
r
C. (98)

The parameters involved in the model can then be determined by measuringαim as a
function of the pump intensity corresponding to the four possible combinations of the pump
and probe polarizations (i = e, o andr = e, o). In this way one obtains [91]

A = αeT − αee
αee − αoe

(
αoe

αeT

αoo

αoT

)
= αoT − αoo
αoo − αeo

(
αeo

αoT
− αee
αeT

)
(99)

αeC =
αeeα

e
T A

αeT (A + 1)− αee αoC =
αooα

o
T A

αoT (A + 1)− αoo . (100)

OnceA, αeT , αoT , αeC , αoC are determined the principal values of the absorption coefficients
α‖ andα⊥ (polarization direction parallel and perpendicular to the director) can be determined
using the laws of standard optics [3]. The experimental results obtained with this technique
indicate that thetrans form possesses a much higher dichroism than thecis one due to the
different degree of orientational order of the dye molecules. Figure 16 shows an example of
the wavelength dependence of both thetransandcisorder parameters of the azo-dye Disperse
Orange 3 (DO3) when mixed (0.5 wt%) with the nematic E63 in an LC cell. The data show
that thecis molecules still exhibit a non-zero orientational order. On a molecular level, the
dye order parameter basically reflects the degree of order of the transition dipole moment of
the dye molecules. The large decrease of the dye order parameter upon isomerization is a
result of several contributions. First, the disorder of the long axis of the molecule (i.e. the axis
corresponding to the smallest moment of inertia) is more important for thecis form than for
thetransone due to the difference in shape of the two conformers. Second, the angle between
the transition dipole moment and the long axis may be different for the two isomers. Third,
thecis molecules may not rotate freely about their long axis.

These results clearly point out that in nematics the steady-state concentration ofcisisomers
can be controlled, at fixed wavelength, also through the polarization direction of the pump
beam. An inspection of equations (95)–(100) shows that the saturationcis concentrations for
i = o andi = e are different from zero whenever the dye order parameters of thetransand
cis forms are not equal. This fact indicated that the polarization dependence of thetrans–cis
equilibrium is connected with the difference of the dye-order parameters of the two isomers.

The above equations for thetrans–cisequilibrium can be conveniently expressed in
terms of the probabilitiespC = σ iCI/hν andpT = σ iT I/hν that acis and trans molecule,
respectively, is excited within a unit time. In particular, equation (95) for the equilibriumcis
fraction can be rewritten (omitting the polarization indexi and writing simplyX for Xeq) as

X = XS

1 + τ0/τ
(101)

where

XS = pT8TC

pT8TC + pC8CT

1/τ0 = pT8TC + pC8CT (102)

and τ0 is the characteristic time for the formation of the steady-statecis concentration.
This characteristic time decreases as the light intensity is increased; in typical reorientation
experiments the light intensity is high enough to saturate the number ofcis isomers. As
shown by equations (101) and (102), a polarization dependence of the excitation probabilities
is reflected in a polarization dependence of thetrans–cisequilibrium. To quantify this effect,
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Figure 16. Wavelength dependence of thetransandcis order parameters of the azo-dye Disperse
Orange 3 (DO3) when mixed (0.5 wt%) with the nematic E63 in an LC cell. (After Jánossy and
Szabados [91].)

let us first consider the dissipated energy per unit time and volume,WD, assuming a single
dye dopant in the LC mixture. In terms of microscopic quantities it can be written as
WD = hνNp (p is the excitation probability per unit time) whereas macroscopically it is
given byWD = ε02πνE2eε′′e, whereε′′ is the imaginary part of the dielectric tensor,E is the
effective electric field ande is a unit vector along the electric field. The components ofε′′ in
the nematic LC can be written asε′′ij = ε′′⊥δij + (ε′′‖ −ε′′⊥)ninj wheren is the director, therefore

WD = ε02πν[ε′′⊥ + (ε′′‖ − ε′′⊥) cos29]E2 (103)

where9 is the angle betweenn ande. Comparing equation (103) with the microscopic
expression forWD one finds

p = [f⊥ + (f‖ − f⊥) cos29]E2 with f⊥ = 2πε′′⊥/Nh andf‖ = 2πε′′‖/Nh. (104)

In the limit of low concentration of azo-dye and low light intensity the two isomers can
be regarded as two independent dopants with the orientational distributions corresponding to
a thermal equilibrium. Equation (104) then holds separately for both isomers; i.e.

pC = [c⊥ + (c‖ − c⊥) cos29]E2

pT = [t⊥ + (t‖ − t⊥) cos29]E2
(105)

where the coefficientsc andt depend on the molecular parameters and the orientational order
of the isomers, but are independent of the dye concentration andX. Inserting equations (105)
into equation (102) one finds for an ordinarily polarized beam

XS = Xord 1 +g cos29

1 +h cos29
(106)

with

Xord = At⊥
At⊥ + c⊥

g = t‖ − t⊥
t⊥

h = A(t‖ − t⊥) + c‖ − c⊥
At‖ + c⊥

(107)
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andA = 8TC/8CT . The parameterXord in equations (106) and (107) gives the saturated
cis concentration for an ordinarily polarized beam and represents a quantity independent of
the light propagation direction. The angular dependence (i.e. the dependence on9) of X
predicted by equation (106) has been experimentally verified by pump–probe experiments in
dye-doped nematic mixtures [90]. The angular dependence of the optical torque was then
obtained [90] by writing the additional absorption-induced torque in terms of an enhancement
factorη as previously discussed, i.e.ΓDYE = ηΓOPT . The fundamental difference is that in the
presence of azo-dyes, we can regard the twotransandcis isomers as separate dyes which give
independent contributions to the absorption-induced torque. Thus, the enhancement factor can
be written as

η = XηC + (1−X)ηT = ηT + (ηC − ηT )X (108)

whereηC andηT characterize the strength of the absorption-induced torque for thecis and
trans isomers, respectively, and have no angular dependence. If the intensity of the incident
light is sufficient to saturate thecis concentration, thenX = XS and the angular dependence
of η is expressed by equation (109)

η = ηT + (ηC − ηT )XS (109)

whereXS is given by equation (106). The experimental determination of the enhancement
factor has been performed by comparing optical reorientation in a doped and undoped sample
under the same geometrical conditions [89]. As an example figure 17 reports theη values as a
function of the angle of incidence of the pump beam for two different dyes, one of which (R4) is
photoisomerizable. The results clearly show the striking qualitative difference in the behaviour
of isomerizable and non-isomerizable dyes. The experiments also allow the determination of
η as a function ofXS . In particular, the linear behaviour predicted by equation (109) has been
shown to be satisfied for the azo-dye-doped mixture, with a positive value forηC and a negative
value forηT . According to this model, the angular dependence of the enhancement factorη is
a consequence of the variation of the equilibrium of thecis fraction with the light propagation
direction. When the pump beam is extraordinarily polarized, as it was in these experiments,
its propagation direction determinedXS and thusη. The presence of a superposed ordinarily
polarized component in the pump beam modifies thetrans–cisequilibrium. Thus, according to
this model, although an ordinarily component in itself does not induce director reorientation,
it should influence the optical torque exerted by the extraordinary ray by changing the value
of XS and therefore the enhancement factor. If the electric fieldE of the incident beam is
E = Eeee + Eoeo, whereee andeo are the polarization vectors for the extraordinary (e)
and ordinary (o) ray, respectively, one finds that the dissipated energyWD is an independent
superposition of the dissipations of theeando components, and the same holds for the excitation
probabilities. Thus one finds [90]

XS = Xord 1 +g cos29 cos22

1 +h cos29 cos22
(110)

with tan2 = Eo/Ee, and

η = ηT + (ηC − ηT )Xord 1 +g cos29 cos22

1 +h cos29 cos22
. (111)

The experimental findings presented in [90] show that thetrans and cis enhancement
factors of azo-dye-doped nematic LCs are comparable with the values measured for the most
effective anthraquinone dye at similar concentrations. In addition, it was found that the optical
torques, generated bytrans andcis isomers, are of opposite signs, namely, negative for the
former and positive for the latter isomer. In the presence of photoisomerization the resultant
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Figure 17. The enhancement factorη as a function of the incidence angle for the dyes 4′-
dimethylaminophenyl-[1,4-phenylenebis(azo)]-3-chloro-4-heptyloxy benzene (R4) and 2-[4-(2-
choloro-4-nitrophenylazo)-N-ethyl-phenylamino]ethanol (DR13). (After Jánossy and Szabados
[89].)

enhancement is significantly reduced because the contributions from the two isomers tend to
cancel each other.

Finally, very recent experimental results [92] of the director reorientation in a homeotropic
nematic LC cell (n perpendicular to the cell substrates) doped with the bisazobenzene dichroic
dye D2 showed that photoexcitation of the dye creates a resonant torque that is not coplanar
with the traditional dielectric torque. These results confirmed previous observations made by
Khoo and coworkers [93] on the dynamic grating formation in a planar LC cell (n parallel to the
cell substrate) doped with the same dye D2. In particular, the polarization-dependence study
of the laser-induced director reorientation in ref. [93] showed that the excited dye molecules
caused reorientation of the LC director axis in both directions orthogonal to the initial molecular
alignment (in the field of two interfering laser beams). Similar excitation phenomena were
observed by Saadet al [92] in a D2-doped homeotropic nematic LC cell. The dynamics of
the buildup of the light-induced grating have shown three principal regimes, one of which
was interpreted as a three dimensional (3D) rotation of the director and was attributed to the
photoisomerization of D2 dye molecules. These authors also reported a detailed investigation
of the excitation along with the steady-state and the non-monotonic relaxation dynamics. The
photo-induced torque was found to initiate a reorientation that was significantly out of the
symmetry plane during the transient regime of excitation and relaxation. In addition, they
showed that the reorientation paths that the director follows in the excitation and the relaxation
processes are different. A schematic representation of the interaction geometry is shown in
figure 18(a). The excitation and relaxation dynamics of nematic LC birefringence were detected
by pure horizontal and vertical probe polarizations. The measured non-monotonic transmission
behaviour during excitation was explained as due to a particular out-of-plane trajectory of the
director with the in-plane symmetry of the initial director and of the excited field (figure 18(b)).
A non-monotonic behaviour of relaxation was also observed which, together with the exact
symmetry of the variations of both the vertical and horizontal polarization components, proved
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an out-of-plane trajectory of the director in this case too. Furthermore, the opposite signs of the
excitation and relaxation signals showed that the trajectories of the director are opposite with
respect to the horizontal plane, but not exactly symmetric, since in the presence of the exciting
beam the steady state of the director is not exactly in the horizontal plane. In other terms,
during the transient excitation the birefringence extraordinary axis rotates in the direction of
the chosen probe polarization whereas during the transient relaxation the rotation occurs in the
opposite direction. In addition, for both excitation and relaxation, the out-of-plane component
of the director is significant only during the transient regime. The origin of the observed 3D
transient rotation is not clear as it corresponds to a break in the apparent symmetry of the
excitation and of the nematic LC together. The origin of the observed phenomena is probably
in the complex coupling of photoisomerizing dye with nematic host.

Figure 18. (a) Schematic representation of the interaction geometry.Ee andKe are the electric
field and the wavevector, respectively, of the linearly polarized exciting beam from a c.w. Ar ion
laser. Both vectors lie in theyz plane.EV , EH andE45 are the electric vectors corresponding to
three different polarizations of the probe beam:EH is in the horizontalyz plane,EV is parallel to
the verticalx direction whereasE45 is in the plane defined byEV andEH , at 45◦ to thex axis.
Kp is the wavevector of the probe beam, which lies in theyz plane.α andβ are the excitation and
probe beam incidence angles. The detection is made through a horizontal analyser or a Wollaston
prism splitting the probe into its vertical and horizontal components. (b) Geometry of interaction:
ni is the starting director orientation of the unperturbed cell (parallel to thez axis);nt is the 3D
transient director orientation defined by the polar and azimuthal anglesθ andφ, respectively;nf
is the final director orientation under steady-state irradiation (nf is almost in the horizontalyz
plane). The curved solid line represents the trajectory of the director when the excitation beam is
switched on.
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4. Photorefractivity

4.1. General aspects of the effect

The photorefractive effect (PR) consists in the spatial modulation of the refractive index
due to the light-induced redistribution of charge carriers in an optically nonlinear material.
Photorefractivity was first observed in 1966 in inorganic ferroelectric crystals [94] and it was
soon realized that it could be used for image storage and a variety of optical signal processing
applications [95]. The PR effect arises when charge carriers, which are photogenerated by
a spatially modulated light intensity, separate by unidirectional migration over macroscopic
distances within the material and finally become trapped. This creates a space-charge field
which modulates the index of refraction through the electrooptic effect [96]. Photorefractivity
is quite different from most of the other NLO effects in that it cannot be described by a nonlinear
susceptibilityχ(n) for any value ofn. In fact, under a wide range of conditions, the steady-state
change in refractive index is independent of the intensity of the light that induces the change.

The basic processes involved in the photorefractive effect are illustrated schematically in
figure 19. A pair of coherent laser beams that are crossed in a photorefractive material produce
an interference pattern (figure 19(a)) that photogenerates charge carriers in the illuminated
regions. These charges can diffuse through the crystal or can drift in response to a static
electric field to produce a nonuniform space-charge distribution (figure 19(b)). The resulting
space-charge field (figure 19(c)) modulates the refractive index via the linear electrooptic effect
(Pockels effect), thus producing a refractive index grating (figure 19(d)) which can diffract a
light beam. The magnitude of the index modulation1n is related to the magnitude of the
space-charge fieldEsc by equation (112)

1n = − 1
2n

3reEsc (112)

wheren is the optical index of refraction andre is the effective electrooptic coefficient for
the geometry under consideration. Many other mechanisms exist which can modify the
index of refraction of a material in response to an optical beam, such as photochromism,
thermochromism, thermorefraction, generation of excited states and so forth. However, all of
these local mechanisms lack the nonlocal property of the PR effect arising from the physical
motion of charges in the material. This charge transport gives rise to a spatial shift between the
incident light intensity pattern and the refractive index modulation. An important consequence
of this phase shift is the energy transfer that occurs between the two light beams interfering
in the PR medium, an effect which is known as asymmetric two-beam coupling (TBC); the
measurement of this energy transfer is the best diagnostic method for the occurrence of the
photorefractive effect in thick gratings. Photoionizable charge generation, efficient charge
transport over macroscopic distances and diffusion anisotropy are the primary requirements
for producing the space-charge field necessary for photorefractivity. Trapping sizes are also
desirable for long-lived storage of the space-charge field.

A remarkable advance in the field of photorefractivity came in 1991 with the discovery
of the photorefractive effect in organic polymers [97]. Optical nonlinearity in polymers is
provided by adding to a photoconductive polymeric matrix a large concentration (≈30 wt%)
of relatively small NLO chromophores, i.e. particular molecules which can be reoriented by
an external applied field. These are in general asymmetrically substituted molecules with an
electron-donating moiety and an electron-accepting moiety separated by a conjugated structure.
To obtain a macroscopic electrooptic effect the originally randomly oriented chromophores
must be aligned by a dc electric field. This field also assists the charge photogeneration by
reducing the recombination probability and provides the force for drifting the charge carriers.
Charge transport is usually provided by including in the material special molecules termed
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Figure 19. Origin of the photorefractive effect. (a) A photorefractive medium illuminated by two
interfering beams that produce a spatially modulated intensity distributionI (x). (b) Free charge
carriers, electrons in this case, are generated through photoionization and can diffuse from regions
of maximum optical intensity to regions of minimum intensity thus creating a spatially modulated
charge distributionρ(x). (c) Since the Poisson equation relates the spatial gradient of the electric
field to the charge distributionρ(x), the resulting internal electric fieldE(x) is shifted by 90 degrees
from the light intensity pattern. (d) A refractive index variation is produced in the electrooptically
active material through the linear electrooptic effect.

charged transport agentsso that charge carriers can hop from one charge-transporting moiety
to another [98]. At present photorefractive polymers have higher net photorefractive gain than
do their inorganic single crystal counterparts. Such high performances have been achieved
both through optimization of the charge generation, charge transport and electrooptical
characteristics of the doped polymers and through a continuous reduction of the glass transition
temperatureTg of the polymers. This latter effect assumes a particular relevance since it permits
orientational alignment of the birefringent NLO chromophores by a space-charge field within
the viscous polymer. This nonlinear electrooptic effect, which is called theorientational
electrooptic effect, produces an additional large contribution to the total change in the index of
refraction which can be greater than that of the traditional linear electrooptic effect [99, 100].
This enhancement relies on the ability of NLO chromophores to be aligned not only by the
external applied electric field, but alsoin situby the sinusoidally modulated space-charge field
during grating formation [101]. The resulting spatially periodic poling of the sample leads
to a modulation of the birefringence and of the electrooptic response. The combination of
these effects contributes favourably to the diffraction efficiency. Figure 20 describes this effect
schematically. The interfering light beams are assumed to create a sinusoidally modulated
space-charge fieldEsc(x) by the usual mechanisms of drift or diffusion (for simplicity the
two writing beams are assumed to enter the sample from the right and left sides of the
figure). An external electric fieldE0 is applied that adds to this field to produce a total
field E(x). As the NLO chromophores have orientational mobility due to the lowTg, a
spatially periodic orientational pattern is produced as the electric field reorients the molecules
by virtue of their ground-state dipole moment. IfE0 andEsc have the same direction, as
in figure 20, only the magnitude of the average local dipole moment will be periodic. In
the more general case of oblique incidence, where there is a component ofE0 orthogonal
to Esc, the direction of the average local dipole moment will be periodic as well [99]. The
effect of the periodic orientation is to produce a modulated birefringence and a modulated
electrooptic coefficient. In this situation the NLO response of the material is quadratic in the
total electric field, hence the orientational enhancement effect may be regarded formally as a
third order NLO effect (χ(3) process). This quadratic electrooptic effect should be operative
for any photorefractive polymer in which the NLO chromophores possess the ability to reorient
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Figure 20. Simplified model of the periodic poling responsible for the orientational enhancement
effect. For the sake of simplicity, the writing beams are supposed to propagate in opposite directions
along thez axis and to enter the sample from either side of the figure (symmetrically). In this way,
the background fieldE0 and the space charge field are both directed alongz. The figure at the top
shows the magnitude of the total field for the caseE0 6= 0 (left) andE0 = 0 (right). The resulting
average alignment of the chromophores is shown in the centre whereas the bottom panels report the
resulting refractive index grating. If the grating is written in the oblique geometry, an additional
component of dc field appears perpendicular toz, which results in a modulated direction as well
as magnitude of the periodic poling field. (After Moerner and Silence [101].)

appreciably in response to the local electric field and leads to refractive index variations1n

of the order of 10−2–10−3, i.e. three orders of magnitude higher than in traditional inorganic
photorefractive crystals. Since this orientation enhancement depends on the ability of the
NLO chromophores to orient dynamically during the grating formation, the speed of the
effect is limited by the rotational mobility of the chromophores in the polymeric matrix. The
theory of the orientational enhancement of the refractive effect [99] predicts an enhanced
diffraction efficiency, a change in the polarization anisotropy and the presence of gratings with
wavevectors that are multiple of the wavevectorq of the intensity pattern, even with a purely
sinusoidal space-charge field. In the framework of this model, the sinusoidal space-charge
grating produces a sinusoidal birefringence and a sinusoidal modulation of the electrooptic
coefficient, both of which contribute an orientational enhancement to the scattered optical field.

4.2. Photorefractivity in conventional nematic LCs

On the basis of the results and considerations of the previous paragraph, nematic liquid crystals
appear to be extremely promising materials for photorefractivity. This is because nematic LCs
consist entirely of long rod-shaped molecules that produce greater bulk birefringence than does
a polymer that is merely doped with a birefringent chromophore. Also, LCs have directional
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order despite their low viscosity, which allows for greater orientational displacement for a given
space-charge field. Finally, differently from photorefractive polymeric materials that require
large electric field to pole the material and to obtain a bulk electrooptic effect, LCs require
only a weak electric field to induce directional charge transport and to enhance the quadratic
electrooptic effect. Indeed there are few materials that can be compared to LCs for maximizing
the quadratic electrooptic effect. The low electric fields required for reorienting liquid crystals,
combined with their high birefringence, result in the observation of photorefractivity with very
low optical intensities (≈100 mW cm−2) and low applied fields (≈100–400 V cm−1). For
all these reasons, photorefractive liquid crystals actually represent an emerging class of new
materials [102, 103].

The first observation of photorefractivity in liquid crystals was reported by Rudenko and
Sukhov in 1994 [104–106], who attributed the effect to a space-charge field arising from the
photoinduced conductivity anisotropy. They used the nematic liquid crystal 4′-(n-pentyl)-4-
cyanobiphenyl (5CB) doped with a small amount of the laser dye rhodamine 6G (R6G) which
worked as the charge generator. A schematic representation of the experimental geometry is
illustrated in figure 21. The Ar+ coherent laser beam is split into two beams that overlap at
a small angleθ in the sample which, in turn, is tilted at an angleβ to the bisector ofθ . This
creates an optical interference pattern of the formI = I0[1 + cos(qx)] which photogenerates
charge carriers and allows charge migration along the grating wavevectorq and trapping in the
dark region of the interference pattern. The result in a sinusoidally modulated space-charge
field given by equation (113)

Esc = −mkBT q
2e

(
D+ −D−
D+ +D−

)
σ − σd
σ

sin(qx) = E(0)sc sin(qx) (113)

wherem is the modulation index of the interference pattern,σ is the illuminated state
conductivity (i.e. the photoconductivity),σd is the dark state conductivity,kB is the Boltzmann
constant,e is the proton charge andD+ andD− are the diffusion constants for the cations
and anions, respectively [105, 106]. Notice thatEsc (which varies as sinqx) is π/2 phase
shifted from the optical grating function (∼ cosqx). Two factors determine the magnitude of
the space-charge field in equation (113): the difference betweenσ andσd , and the difference
in the diffusion coefficients of the cations and anions. The externally applied fieldE0, which
is greater in magnitude than the internal space-charge field, is required to keep the modulation
of the internal electric field greater than zero. Coupling between the space-charge field and the
uniform dc bias fieldE0 causes reorientation of the LC director and correspondent modulation
of the refractive index. The application of an electric field of only 100–200 V cm−1 is sufficient
to induce directional charge transport and to induce a grating spacing for the orientational
grating equal to the interference pattern [104–106]. The diffraction efficiency of this Raman-
Nath orientational grating can be written as [105, 106]

η =
[
LmkBT

λneKqe

(
Eaεsε∞ sinβ cosβ

1 + εsE2
a/(2πKq2)

)
D+ −D−
D+ +D−

σ − σd
σ

]2

(114)

whereL is the sample thickness,ne is the index of refraction along the extraordinary axis,K is
the Frank elastic constant in the single constant approximation [29],λ is the laser wavelength,
εs is the static dielectric constant andε∞ is the high-frequency dielectric constant. Rudenko and
Sukhov showed that the conductivity term in equation (114) saturates at high light intensities
and this allowed them to determine experimentally the ratio(D+−D−)/(D+ +D−). The value
of 0.02 found for this ratio indicated a very small difference in the diffusion coefficients of the
positive and negative mobile ions. This fact, combined with the low solubility of the laser dye
and the inefficient charge generation and charge transport, strongly limited the performances
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of the material. Significant improvements of the PR performances were obtained by doping the
nematic LCs with both electron donors and acceptors having appropriate redox characteristics
that produce more efficient intermolecular charge separation and bulk charge migration [102].

Figure 21. Schematic representation of the experimental geometry used to observe the
photorefractive effect in LCs. A coherent laser beam is split into two beams that overlap at a
small angleθ in the sample. The sample is tilted at an angleβ to the bisector of the two beams.
E0 is the dc external electric field. This configuration makes possible charge migration along the
grating wavevectorq, which results in a sinusoidal space-charge field. The action of the space-
charge field on the orientational configuration of the birefringent molecules produces the phase
grating. The direction ofq defines thex axis.

Recently, a PR effect that was derived entirely from orientational ordering within a space
charge field was reported by Khoo and coworkers in pure aligned nematic liquid crystals
(NLCs) [107]. The geometry of their experiment is similar to that used by Rudenko and
Sukhov [104] reported in figure 21. The molecular reorientation effects were observed in
undoped or lightly doped [108] films of several nematic LCs, including single constituent
nematics and nematic mixtures. The induced nonlocal refractive-index change responsible for
these effects was attributed to LC director axis reorientation induced by a laser-induced dc
space-charge field arising from both conductivity and dielectric anisotropies, in the presence
of an applied dc electric field.

In nematic LCs several mechanisms contribute to the creation of a space-charge field.
Space-charge fields can be induced by an applied dc field as a result of the conductivity
and dielectric anisotropies; this is known as the Carr–Helfrich effect [109]. In addition,
a space charge field can be set up via the photocharge production (which is responsible
for the observed photoinduced conductivity change), similar to the process occurring in
photorefractive crystals. These space-charge fields create torques that reorient the LC
director to produce reorientation grating for the LC director. A theoretical discussion of
the fundamental mechanisms regulating the dc field-assisted optically induced space-charge
fields and the optical molecular reorientation in nematic LC films has been reported by
Khoo in reference [110]. Three processes contribute to the director axis reorientation and
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the consequent refractive index change. The first one (involving photo-charge production,
ions drift/diffusion, charge separation and space-charge field formation) is analogous to those
occurring in photorefractive crystals and leads to the photorefractive-like space charge fieldEsc
(Esc = Escux) expressed by equation (113). The second process involves charge generation,
ionic conduction accompanied by director axis reorientation, space charge field formation
through dielectric and conductivity anisotropy and further director axis reorientation. Finally,
the steps involved in the third process are charge generation, material flows, formation of
a velocity gradient and shear stress and director axis reorientation. These latter processes
are unique to NLCs and are consequence of the Carr–Helfrich effect occurring in these
materials. Figure 22 shows a schematic depiction of various parameters involved in the
nonlinear photorefractive effect in LCs. Assuming an incident optical intensity distribution
of the formI = I0(1 + cosq · r) = I0(1 + cosqx) and an applied dc fieldE0 directed along
the y axis, the behaviour of the corresponding director axis reorientation profileθ(x), the
currents and the liquid flow velocity are schematically represented in the figure. Following the
theory of Helfrich [109] for the geometry of figure 22, the space-charge field arising from dc
conductivity anisotropy1σ (1σ = σ‖ − σ⊥) can be shown to be [110]E1σ = E1σux , with

E1σ = −
(

1σ sinθ cosθ

σ‖ sin2 θ + σ⊥ cos2 θ

)
E0 (115)

whereas the space-charge field due to the dielectric anisotropy1ε (1ε = ε‖ − ε⊥) is
E1ε = E1εux :

E1ε = −
(

1ε sinθ cosθ

ε‖ sin2 θ + ε⊥ cos2 θ

)
E0. (116)

Figure 22. Schematic representation of the quantities involved in the nonlinear photorefractive
effect: (a) input optical intensity; (b) photoinduced conductivity modulation; (c) flow velocity and
space charge; (d) dc space-charge field; (e) director axis reorientation profile.n is normal to the
curve andθ is the reorientation angle. (After Khoo [108].)

We observe that these space-charge fields are both increasing functions of the induced
reorientation angleθ , for smallθ . A small initial reorientation angle and space-charge field will
thus reinforce each other; once the reorientation is established, we can see from equations (115)
and (116) that the space-charge field can be maintained by simply applying the dc field, without
participation from the incident optical field at all. Such effect was actually observed by Khoo
in his reported study [108] of the holographic grating formation dynamics.

These fields and space charges, in conjunction with the applied dc field, create director
axis reorientation through several mechanisms. The interaction of the space charges (∼ cosqx)
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with the applied field causes nematic flows in opposite directions, with positive and negative
charges flowing with velocitiesvz and−vz, respectively. The flow gradient dvz/dx gives
rise to a flow-shear stress which, in turn, exerts a torque on the molecules of the LC. This
shear-inducedtorque0S is given by [111, 112]

0S = −dvz(x)

dx
[α3 cos2 θ − α2 sin2 θ ] (117)

whereα2 andα3 are the Leslie coefficients.
The shear torque0S tends to change the direction of the preferred axis and thus reacts on

the orientation pattern. Its effect is reorientation of the director axis that follows the modulation
of the flow gradient (∼ sinqx).

The space charges also influence the director axis reorientation through the electric fields
which they produce. These fields, in conjunction with the applied dc field, create adielectric
torqueΓ1ε of the form [112]

Γ1ε = 1ε

4π
(n ·Edc)(n×Edc) = 1ε

4π
[sinθ cosθ(E2

x − E2
0) + cos 2θExE0] (118)

whereEx is thex component of the total dc electric fieldEdc

Edc = (Esc +E1σ +E1ε)ux +E0uy. (119)

This torque also gives rise to a spatially phase-shifted director axis reorientation similar
to the flow-induced effect. The total conduction-induced torque is, therefore, partly shear
induced and partly dielectric.

The dynamics of the director axis reorientation process is governed by interplay among the
various torques produced by the fields and the elasticity of the liquid crystal and is described
by the equation

01ε + 0S + 0K + 0OPT + γ
dθ

dt
= 0 (120)

where0OPT is the classical optical torque,γ dθ/dt is a viscous damping term which accounts
for the dissipation of mechanical energy caused by friction during the reorientation process (γ

is an appropriate interaction-geometry dependent viscosity coefficient) and0K is the elastic
restoring torque. In this experimental geometry this latter can be written as [28, 29]

0K = (K1 sin2 θ +K3 cos2 θ)

(
∂2θ

∂x2
+
∂2θ

∂z2

)
+ [(K1−K3) sinθ cosθ ]

[(
∂θ

∂x

)2

+

(
dθ

∂z

)2 ]
(121)

whereK1 andK3 are the elastic constants for splay and bend, respectively. The steady
state (dθ/dt = 0) solution of the torque balance equation (121) can be easily found if we
limit our analysis to small reorientation angles in the one elastic constant approximation
(K1 = K3 = K). Within this assumptions and rewriting the flow-orientation torque as
(by applying the Poisson’s equation, the equation of continuity and the viscous force equation)
[112]

0σ = α3

η2

1σ

σ‖

ε⊥
4π
E2
z θ (122)

equation (120) reduces to [110]

K

(
∂2θ

∂x2
+
∂2θ

∂z2

)
+
1ε

4π
EzE

(0)
sc cosβ sin(qx)

+
1ε

4π
E2
z

[
1 +

α3

η2

1σ

σ‖

ε⊥
1ε

+

(
1ε

ε⊥
+
1σ

σ⊥

)
cosβ

]
θ = 0 (123)



Molecular orientation in liquid crystals R483

whereη2 is the viscosity coefficient of the nematic fluid forn parallel to the flow velocity
(η2 = [α3 + α4 + α6]/2, αi being the Leslie coefficients). The boundary conditions over the
glass plates limiting the homeotropically aligned LC cell imposeθ(0) = θ(d) = 0. Then,
writing the reorientation angleθ as

θ = θ0 sin
(πy
d

)
sin(qx) (124)

equation (123) can be solved to give

θ0 = 1εEzE
(0)
sc cosβ

K(π2/d2 + q2) + (1ε/4π)E2
z [1 + (α3/η2)(1σ/σ‖)ε⊥/1ε + (1ε/ε⊥ +1σ/σ⊥) cosβ]

.

(125)

The quadratic dependence of the field-induced torque (118) reflects into the appearance of the
field product in equation (125). Finally, under the smallθ0 approximation, one finds for the
refractive index change

1n ≈ (n‖ − n⊥) n‖
n⊥
(sin 2β)θ0 (126)

which reveals the quadratic nature of this electrooptic effect. Since the diffraction efficiency
η is proportional to the square of1n, theβ dependence ofη according to equations (125)
and (126) is of the form sin2 β cos4 β. This results in good agreement with the experimental
observations as reported by Khoo in [107].

It is interesting to make a qualitative comparison between the reorientational effects due to
optically induced dc fields with those due to purely optical fields. In the experiments of Khoo
with the 5CB nematic liquid crystal, for instance, optical powers of the order of 200 mW were
required to obtain a diffraction efficiency of 1% in the case of purely optical fields, whereas
an optical power of only 10 mW was needed in the presence of optically induced dc fields.
The key factor for the larger orientational efficiency of the dc field is the large magnitude of
the dielectric anisotropy1ε (∼20 for 5CB) compared to the optical anisotropy1εop (∼0.6
for 5CB).

The time evolution of the above described mechanisms underlying the photorefractive
effect have also been examined by Khoo and coworkers in connection with the investigation
of the holographic formation in dye- and fullerene C60-doped nematic LCs [108, 110]. In
particular, under low optical writing beam power (few milliwatts) and low applied voltage
(61.5 V), the time evolution and nature of the induced grating (as monitored by the diffraction
of the probe He–Ne laser) exhibited three distinct stages depending on the illumination time.
For short illumination time (few seconds) the induced grating was transient, with rise and decay
time constants of the order of 1 second, which is typical of the orientational decay time in LC
films with thickness of a few tenths of microns [108]. If the writing beams were kept on after
the initial quasi-stationary value was reached, it was observed that the probe diffraction slowly
but steadily increased in magnitude before settling down to a final steady-state value after
15–20 minutes. If the writing beams were turned off before the final steady state was reached
while maintaining the dc field, the probe diffraction was observed to drop to a lower value. The
diffraction persisted as long as the dc field was kept on and decayed slowly (in a few minutes)
to a lower finite value. If the dc field was abruptly turned off during this decay period, the
grating relaxed in about 1 second, which is the characteristic time of the director axis relaxation
time mentioned above. This intermediate stage was interpreted as corresponding to the case
when the reorientation angle acquires a sufficiently large magnitude so that the dc-applied-
field-dependent space-charge fieldsE1σ (equation (115)) andE1ε (equation (116)) become
substantial. Different from the photorefractive space-charge fieldEsc (equation (113)), these
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space-charge fields depend only on the reorientational angle and the dc applied field butnoton
the incident optical field; this explains why part of the grating can be sustained by the dc field
when the writing beams are turned off. The final stage in the grating formation is reached for
an illumination time greater than 15 minutes. Then, if all external applied fields are turned off,
a persistent grating remains. In the Rhodamine 6G (R6G) dye-doped LC (5CB) sample the
grating was found to decay in about two hours whereas in the fullerene C60-doped LC (5CB)
sample the grating was revealed to be permanent.

Based upon the same effect of director axis reorientation due to optically induced space-
charge fields, an extraordinarily large optically induced refractive index change mechanism
has recently been observed in aligned dye-doped nematic LCs [113]. Grating diffraction
could be generated in these materials with an optical intensity as low as 40µW cm−2, and a
refractive-index change coefficient of over 6 cm2 W−1 was obtained. This sensitivity rivals
those obtainable from a conventional LC light valve or spatial light modulator. Besides the
development of new LC light valves and spatial light modulators, the effect is extremely
promising for applications in other adaptive optics and coherent wave-mixing devices.

5. Conclusions

We have reviewed basic physical mechanisms underlying the light-induced molecular
reorientation in nematic LCs, namely direct optical torque, photoisomerization and
photorefractivity.

We have seen that in transparent materials the observed effects of molecular reorientation
can be fully interpreted within the framework of classical electrodynamics and standard
continuum theory of LCs. A detailed description of this approach has been reported. The
electromagnetic field exerts a torque on the LC molecules due to their anisotropic molecular
polarizability. This torque is balanced by the elastic and viscous torque associated with the
spatial nonuniformity and rotation, respectively, of the nematic director. What makes LCs
peculiar with respect to other materials constituted of anisotropic molecules is their ability
to preserve the anisotropy on a macroscopic scale. Related to the macroscopic anisotropy
and the collective behaviour of these materials, reorientational effects much stronger than in
conventional anisotropic materials can be observed, that lead to extraordinarily large NLO
response. We have reviewed the main properties of the light-induced phenomena which
strongly affect the macroscopic order of LCs.

In the presence of light absorption, however, new effects take place that cannot be
interpreted with the help of the macroscopic phenomenological theory. In fact, LCs play
a peculiar role in the general outline of photoactive media because their fluidity maintains the
possibility of molecular motion in response to photon absorption, while their orientational
ordering offers the possibility of cooperative behaviour that can amplify relatively weak
photochemical effects. Small amounts (∼1%) of absorbing dye added to nematic LCs lead
to an increase of the optical torque up to two orders of magnitude. The strength and sign
of this additional absorption-induced torque is strictly connected to the nature of the dye,
for some dyes having the same sign as the dielectric optical torque while for others being
different. In order to explain these effects, molecular models have been elaborated based
upon the assumption that in the presence of absorption the orientational distributions of the
ground-state and excited-state dye molecules are not axially symmetric around the director.
This asymmetry causes the mean field of the dye to exert an effective torque on the director
due to both the change of the dye–host interaction energy upon excitation and the difference
between the rotational mobility of the ground-state and the excited-state molecules. These
models successfully describe the experimental evidences for many guest–host systems and
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account for the strong optical torque enhancement. However, they do not describe the complex
phenomenology that is observed when the dye molecules consist of azobenzene derivatives. In
this case, it is the photoisomerization process that drives the evolution of the dye–LC system
consequent to the interaction with the light. A detailed report of the experimental evidence
connected to the process of optical reorientation in the presence of photoisomerization and of
the physical mechanisms that allow to interpret them has been reported in this paper.

Finally, the relatively new field of photorefractivity in LCs has been considered. A crucial
role in the reorientation process in photorefractive materials is played by the space-charge
field that originates from the interaction of the material with a spatially modulated intensity
distribution of light. The different mechanisms contributing to the creation of a space-charge
field, such as conductivity anisotropy, dielectric anisotropy and photocharge production, have
been reviewed in detail. The space-charge fields create torques that reorient the LC director to
produce reorientation grating for the LC director. A theoretical discussion of the fundamental
mechanisms regulating the dc-field-assisted optically induced space-charge fields and the
optical molecular reorientation in nematic LC films have also been reported.

We believe that at the present state of knowledge direct optical torque due to light field,
molecular photo-transformation and photo-induced charge generation are the basic phenomena
occurring in the interaction of light with LCs. Connected to these, several fundamental aspects
have yet to be clarified whose investigation will provide new ideas for innovative applications
in the field of optical processing and optical storage.
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