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L iquid Crystals, 1998, Vol. 24, No. 1, 83 ± 89

Non-linear optics in liquid crystals: basic ideas and perspectives

by F. SIMONI

Dipartimento di Scienze dei Materiali e della Terra and Istituto
Nazionale per la Fisica della Materia, UniversitaÁ di Ancona,

Via Brecce Bianche-60131 Ancona, Italy

Presented at the Capri Symposium in Honour of George W. Gray, FRS held at the
Hotel Palatium, Capri, 11± 14 September 1996

In this paper the ùnconventional ’ optical non-linearities of liquid crystals are considered. The
basic ideas for the interpretation of collective reorientation and of other phenomena of
thermal origin are reviewed. After reporting the main results of this approach, the issues
which are the major challenges for scentists in this ® eld are recalled.

1. Introduction of getting a light-induced change of the refractive index
of the same order of magnitude as the optical aniso-The study of non-linear optics in liquid crystals has

been one of the most exciting subjects of investigation tropy of the liquid crystal, i.e. the non-linear refractive
index can be as high as dn=0 1́± 0 2́.concerning the physics of liquid crystals from the very

beginning of the 1980s. Several reasons made these eVects attractive to study:
perculiar features are present in liquid crystals under-As a matter of fact, these studies started about 20

years ago with the investigation of liquid crystalline lining new aspects of non-linear phenomena; the strong
non-linear response suggests the use of these materialsmaterials in the isotropic state, by looking at the enhance-

ment of the non-linear optical response near the phase as media where non-linear optical eVects can be easily
studied with great simpli® cation of the investigationtransition temperature between the isotropic and the

mesomorphic state due to the increased molecular cor- techniques; non-linear optics can be a powerful tool to
measure physical parameters of liquid crystals; newrelation [1]. The initial approach was characterized by

considering the usual mechanisms leading to a non-linear optical devices can be designed based on this non-linear
behaviour.optical behaviour in condensed matter (perturbations of

electronic polarizabilities, molecular orientation, electro- The èxplosion’ of work on GON at the beginning of
the ’80s drew attention to a series of other phenomenastriction, etc.). Therefore, a strong limitation on such

studies was presented by the short interaction lengths which are peculiar to liquid crystals: thermal indexing,
photo-induced molecular conformations, thermal hydro-available in liquid crystal samples due to the diYculty

of preparing homogeneous samples thicker than 100 mm dynamical eVects, optically induced phase transitions,
thermal reorientation, etc. All of them can lead to aor (at most) 200 mm. The short interaction length gave

rise to very weak signals from non-linear eVects. For strong non-linear optical response and are often mixed
with collective optical reorientation making this ® eld ofthis reason there are very few papers published which

report the observation of non-linear phenomena in the investigation very wide and increasingly more attractive
for an ever growing number of scientists.mesomorphic phase [2] before 1980, and most of the

work done on this subject on liquid crystalline materials The question also raised: is this ® eld r̀eal’ non-linear
optics? This question ® nds its motivation in the factwas concerned with the isotropic phase.

The interest in non-linear optics of liquid crystals that t̀raditional’ non-linear optics is that where the
polarization of the medium can be expressed by agrew after the discovery of the giant optical non-linearities

[3] (GON) due to collective reorientation in nematic series expansion of the optical ® eld, while generally
this approach is not useful or is even impossible whenliquid crystals, which are several orders of magnitude

bigger than in other liquids, thus allowing the obser- dealing with the above mentioned collective phenomena.
Moreover, this point of view considers that sincevation of non-linear optical phenomena with light beams

of moderate intensity. The discovery of GON showed some phenomena, e.g. opto-thermal eVects or photo-
transformations, give rise to structural changes, andthat an optical ® eld acts on the liquid crystal director

in a way very similar to a low frequency electric ® eld, obviously lead to a non-linear response, this has nothing
to do with r̀eal’ non-linear optics. However, I wouldand so the strong non-linearity is due to the possibility
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84 F. Simoni

consider this point of view not to be correct. First of all director orientation in the presence of the optical ® eld,
one has to ® nd the equilibrium condition of the systemI believe that a de® nition of non-linear optics cannot be
in the frame of continuum theory by working out thelinked to the t̀raditional’ approach, and on the contrary,
free energy and applying to it the variational calculus.one deals with r̀eal’ non-linear optics any time there is
The main problem arises from the need to include ina possible energy exchange between waves of diVerent
the free energy density the interaction of the mediumfrequency or wavevector. The widely studied two and
with the electromagnetic ® eld which, in turn, must satisfyfour wave mixing process in liquid crystals demon-
Maxwell’s equations in an inhomogeneous and aniso-strates that this energy exchange can be induced by
tropic medium. In this case the director is completelythe phenomena mentioned above. So no matter which
detemined by the tilt angle h with respect to the z axisphenomenon is exploited to get this result, we have a
(normal to the boundaries). As a matter of fact, annon-linear optical eVect when the enegy redistribution
optical wave brings both an electric and a magnetic ® eldoccurs, which is impossible in the frame of linear optics,
which can contribute to the total energy of the system.when the medium response is just proportional to the
Anyway it is possible to state that the orientationaloptical ® eld. Moreover, some of the eVects which trivially
contribution of the magnetic ® eld can be disregarded.lead to a non-linear response are not trivial at all to

The usual minimization of the free energy densitystudy and have very peculiar and interesting consequences.
which includes the interaction with the optical ® eld gives
an equation which must be solved taking into account2. Basic concepts about optical reorientation
that the optical ® eld itself is dependent on h. TheIt seems amazing that an optical ® eld oscillating at
Geometrical Optical Approximation is usually assumeda frequency of 1014 ± 1015 Hz can induce a collective
when changes of the director orientation occur overmolecular reorientation of a viscous nematic material
distances much longer than the light wavelength. Thewith a very slow response time (seconds). However, it is
diVerential equation for h becomes:trivial to understand it in a very classical way. The

optical ® eld E =E0 cos vt induces a dipole moment
(K1 sin2

h +K3 cos2
h) A d2

h

dz
2 Bp =aE =p0 cos vt proportional to and in phase with it,

so that the induced instantaneous torque on the molecule
is t( t ) = (p0 Ö E0 ) cos2

vt. Averaging over a time that Õ (K3 Õ K1 ) sin h cos h A dh

dz B
2

+
De

16p
h (h) =0 (1 )

is long compared with the characteristic period of
molecular motion, one gets t( t) =1/2 ( p0 Ö E0 ), showing

where h (h) is de® ned as:
that the only diVerence with respect to the eVect of a
low frequency ® eld is the factor 1/2.

h (h) = Cg
2
0g Õ s

2
(e)e

d
) Õ De

2 sin2
h cos2

hg

Õ 2sDe(e)e
d
)
1/2 sin h cos hg

1/2

g
2
0 g

1/2 DA
2 sin 2h2.1. Planar reorientation

In order to explain in a more rigorous way the
phenomena related to optical reorientation in nematic
liquid crystals, one usually deals with the case of in-plane

Õ C s(e)e
d
)
1/2+De sin h cos hg

1/2

g0 D 2A
2 cos 2h.deformations of the director ® eld [4]. This geometrical

con® guration has been intensively studied: it requires a
(2)linearly polarized light ® eld, a sample without any twist

deformation and, moreover, optical ® eld and director Also, g =e)+De cos2
h Õ s

2 and g0=e)+De cos2
h=

must lie in the plane of incidence of the radiation.
e
d
Õ De sin2

h, A is proportional to the optical ® eld and
Nevertheless, under these restrictions several diVerent the other quantities have the usual meaning. In the case
situations may occur leading to either threshold or of normal incidence (s= sin b0=0) it is possible to ® nd
non-threshold eVects. analytical solutions for particular cases. When s=0,

In general we should expect a threshold behaviour for de® ning the elastic anisotropy K =1 Õ K1 /K3 and using
the onset of the director reorientation if the incoming the light intensity instead of A

2, the equation can be
light polarization corresponds to a pure ordinary integrated to obtain:
wave in the undistorted nematic. On the contrary, a
non-threshold eVect should be expected when an ( 1 Õ K sin2

h) A dh

dz B
2

+ f (h, I) = c
2 (3 )

extraordinary wave is travelling in the medium.
Initially the nematic liquid crystal may have a homeo- where

tropic, planar, hybrid alignment or any other uniform
deformation in the plane of incidence of the linearly

f (h, I) = I
2

cK3

(e
d
e))

1/2

(e)+De cos2
h)

1/2 . (4 )
polarized radiation ® eld. In order to know the actual
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85Non-linear optics in liquid crystals

Here c
2 is an integration constant ® xed by the boundary light power necessary to reach saturation is of the order

conditions and can be determined by integration of of 104 W cm Õ
2, which is easily obtained with a low

equation (3) taking into account the tilt angles at the power laser source slightly focused on the sample.
boundaries (h1 and h2 ) . Analytical expressions of the non-linear permittivity

The director distribution h(z) can be calculated from and of the non-linear refractive index, which show more
the integral equation: clearly the physical parameters important in determining

the non-linear behaviour, can be worked out in the case
of small angular distortions, i.e. under the approximationP h

(z)

h1
C 1 Õ K sin2

h ¾

c
2 Õ f (h ¾ , I ) D1/2

dh ¾ = z +d/2 (5 )
of weak reorientation under moderate light intensity.
Generally there is found a square dependence on theplacing the z =0 plane in the centre of the cell. A
optical anisotropy De, which is responsible for the giantnumerical solution is usually necessary to get h(z) at
non-linear response. Even for low reorientation one mayeach impinging intensity I.
have 7 dn 8 =0 0́05 which is huge compared with highlyThe knowledge of h(z) for each value of the impinging
non-linear liquids where 7 dn 8 may reach the valuelight intensity allows one to describe the non-linear
of 10 Õ

6.optical eVects which take place:

de[h(z, I) ]=
De

2 Ce
2 Õ A De

2 B
2D 2.2. Self -focusing and self-phase modulation

The non-linear director reorientation gives rise to
eVects such as light self-focusing and self-phase modu-Ö

cos 2h(z, 0 ) Õ cos 2h(z, I)

Ce+
De

2
cos 2h(z, 0 )DCe+

De

2
cos 2h(z, I)D lation easily observable in nematic liquid crystals under

diVerent geometrical con® gurations and alignments. For
instance we may consider a planar aligned cell and the

(6) impinging light beam linearly polarized in order to travel
as a pure extraordinary wave into the sample with anwhere h(z, 0 ) is the zero intensity tilt angle distribution
incidence angle diVerent from zero. One can focus theand h (z, I) is that under the intensity I. Usually an
light before the liquid crystal cell, in order to have aoptical investigation deals with the non-linear response
diverging beam on the sample. Under these conditions,averaged along the cell thickness:
in the far ® eld after the sample a remarkable decrease
of the beam diameter is observed as the light intensity7 de 8 =

1

d P
d/2

Õ d/2
de(z, I ) dz. (7 )

is increased. This fact is due to the self-focusing eVect
occurring inside the liquid crystal. It is due to the

Another important quantity is the non-linear induced
Gaussian intensity distribution of the beam and to the

phase shift:
intensity dependent refractive index caused by director
reorientation:

yNL=
2p

l P
d/2

Õ d/2
dn dz=

2p

l
7 dn 8 d (8 )

n =n
0+dn (I) . (10)

where the non-linear refractive index is:
As a consequence, the light speed is diVerent across the
wave front and the medium acts as a positive or negativedn =

de

2n
0
eff

. (9 )
(depending on the sign of dn) non-linear lens. The extra-
ordinary wave has a refractive index sensitive to theIt is worth remarking that the above expressions for
director orientation through h, while the ordinary wavedn and de include the whole eVect of the ® eld. A series
sees always a refractive index equal to n) and it is notexpansion of them shows a square dependence on the
then aVected by director reorientation. For this reason® eld ( linear in the intensity), but it is a good approxi-
one is able to observe non-linear phenomena of thismation only for weak ® elds when distortions are small.
kind only with the extraordinary wave: the experimentalIn order to explain the behaviour under strong light
data say that n is changing with the intensity, so then hintensities it is necessary to use the complete expressions.
too is changing. In a self-focusing experiment one canTherefore the behaviour of the non-linear dielectric
directly measure the inverse focal length of the non-permittivity 7 de 8 versus the intensity I shows a linear
linear ® lm which can be easily related to the beamdependence (square on the ® eld ) at low values of I, while
diameter measured in the far ® eld. It can be shown thata saturation occurs for high intensities, because the
the inverse focal length of the non-linear lens can bemolecules become completely oriented along the ® eld

direction. It is interesting to underline that the maximum related to the non-linear response of the liquid crystal
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86 F. Simoni

through: induced by light with circular and elliptical polarization.
These eVects have no counterpart in the static case and
in particular a very important achievement has been then2=eeff( 0 )

p

2 A f
4

d B A f Õ
1

P B (11)
statement of the Angular Momentum Conservation Law:

where n =n
0+n2 I (I being the intensity) and P is the d

dz C(K2 sin2
h +K3 cos2

h) sin2
h

dw

dz D+
dL z

dz
=0optical power of the beam. Therefore a measurement of

f Õ
1
/P enables us to work out n2 when the geometrical

(14)parameters f (beam waist on the sample) and the sample
thickness d are known.

where L z is the light angular momentum per unit area
By a slight change in the experimental geometry, one

and unit time: L z= (I/v) sin 2x and x is the ellipticity
can observe the eVect of self-phase modulation. It is just

angle. This means that an exchange of angular momentum
necessary to move the sample on to the focal spot of

takes place between the light and the medium any time
the light beam to see a strong wavefront distortion: after

that dw/dz Þ 0, i.e. the geometry of the interaction
the sample an amazing pattern of rings appears. The

between the liquid crystal molecules and the optical ® eld
Gaussian laser beam traveling in the z direction produces

induces a change of the azimuthal angle variation
a transverse distribution of the non-linear refractive index

through the cell thickness. In this way light not only
leading to an induced phase shift having a Gaussian

induces a distortion of the structure, but can also transfer
distribution. That is, the wavefront experiences a phase

to the medium part of its angular momentum. Therefore
shift dependent on the transverse coordinate. In this

under non-stationary conditions, the light can induce a
way, the maximum phase shift dy0 is easily related to

precession of the molecular director around the z axis
the total number of rings:

and diVerent dynamic regimes take place: distorted
equilibrium state, persistent oscillations, precession±

N =
dy0

2p
. (12) nutation regime.

This result comes from a qualitative description often 3. Other collective phenomena leading to non-linear
used to work out the maximum non-linear phase shift response
introduced by a nematic sample and can be considered In studying non-linear optical reorientation, it has
a good approximation when N is large. often been found impossible to neglect thermal eVects

A more rigorous treatment is necessary to explain the due to light absorption caused either by the liquid
details of the wavefront intensity pro® le. This would crystal itself or by small impurities present in the medium
require the use of Fraunhofer diVraction theory, by giving rise to a non-linear behaviour because of induced
considering the laser spot on the sample as a circular temperature changes. As a consequence the physical
diVracting aperture which also introduces a transverse properties of the liquid crystal may change, thus aVecting
phase factor on the ® eld given by the non-linear response the propagation of the light beam itself. The strongest
of the medium. Following this procedure it is possible eVect is due to the induced variation of the refractive
to work out the far ® eld intensity distribution after the indices.
sample as a function of the diVraction angle a: This eVect is often referred to as thermal indexing and

is due to the dependence of the refractive indices of the
J (a) = A 2p

D B
2

I0K P a

0
J0 (kra)r exp A Õ

r

v B
2

liquid crystal on the temperature T . Other physical
parameters are also aVected by temperature variations
(e.g. elastic constants), thus producing changes in the

Ö exp A Õ i
kr

2

2R B exp (Õ iyNL (r) ) drK 2 (13) director orientation and as a consequence a non-linear
optical response. Indeed, it is a peculiarity of liquid

where R represents the wavefront curvature radius, D is crystals that we have this interdependence of thermal
the distance of the observation plane from the sample, response and orientation, and for this reason it is often
k is the light wavevector and yNL is the non-linear diYcult to separate thermal from orientational eVects.
phase shift. It is well known that for a nematic liquid crystal

dn)/dT >0 and dn
d
/dT <0. It is remarkable then that

thermal indexing also gives rise to a non-linear behaviour2.3. Non-planar reorientation
The qualitative diVerence between optical and dielectric in the ordinary wave and with a diVerent sign with respect

to that of the extraordinary wave. For an ordinary wavereorientation has been pointed out by the new eVects
which have been discovered for non-planar director we have always a self focusing medium (dn >0), while

for the extraordinary wave the strength and sign ofreorientation [5] (n=sin h cos wx+sin h sin wy+cos hz)
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87Non-linear optics in liquid crystals

the non-linearity depends on the director orientation in be written as:
the sample. This is a very peculiar property of liquid
crystals [4].

dn T=j(h, b, T )
n)

neff

dn)
dT

dT (18)
In general it is possible to write:

with the associated non-linear phase shift:dneff

dT
=j(h, b, T )

n)
neff

dn)
dT

. (15)

Through the function j, this equation points out y T=
2p

l P
d/2

Õ d/2 Gj(h, b, T )
n)

neff

dn)
dT

dT Hdz. (19)
the dependence of the thermal non-linearities on the
director orientation and on the incidence angle b for an

An increase of temperature of only 1 K, may giveextraordinary wave, where neff= (eeff )
1/2.

y T# Õ p. Indeed, higher temperatures can be easilyIt is easy to understand now why, depending on the
reached just by increasing the impinging light intensityexperimental geometries, thermal eVects can be con-
or enhancing the absorption by dye dopants, or by usingnected with optical reorientation since the director
a working temperature near the phase transition to thereorientation aVects the local tilt angle, thus changing
isotropic state. It is then evident that the thermallythe thermal gradient dneff /dT (even its sign).
induced optical phase shift can be comparable to theThe geometry of the experiment and the thermal
one due to optical reorientation. This fact often makesconductivity k and the absorption coeYcient a of the
it diYcult to separate the two eVects.liquid crystal cell determine the actual relationship

Other light induced eVects of thermal origin, diVerentbetween light intensity and temperature rise. A simple
from thermal indexing, may occur in liquid crystals [4].approximation gives the maximum temperature rise as:
One is thermal reorientation , i.e. the director reorientation
which may occur when some material parameter changes

dTM = A d

pB
2

a

k
I. (16)

because of a light induced temperature variation. It may
occur in distorted nematics because of the temperature

The main feature shown in this equation is the linear dependence of the Frank elastic constants, in cholesteric
dependence of the temperature rise on the light intensity liquid crystals due to the temperature dependence of the
and the square dependence on the cell thickness. This helix pitch and in ferroelectric liquid crystals where the
expression may be used to evaluate the expected tem- induced tilt angle is strongly temperature dependent.
perature rise for a particular light intensity. Choosing Other interesting phenomena can be due to thermal
a=0 2́ cm Õ

1, with I =104 W cm Õ
2, a sample thickness hydrodynamica l eVects such as light absorption induced

d =50 mm, and a typical value for the conductivity ¯ ow and optically induced convection motion.
k=10 Õ

3 W K Õ
1 cm Õ

1, we get dT #5 K. Since the L ight induced phase transitions from the nematic to the
non-linear refractive index can be written as: isotropic state represent other phenomena leading to

strong non-linear optical behaviour. Two main features
dn =

dn

dT
dT (17) are remarkable in these processes: the large jump

between the two refractive indices of the liquid crystal,
and that of the isotropic state and the jump in theand considering an index gradient #10 Õ

3 K, we obtain
a non-linear refractive index dn #5 Ö 10 Õ

3, which is propagation properties between anisotropic and isotropic
media. The most important optical eVect is generally acomparable to that due to optical reorientation!

It is interesting to remark that it is possible to modify variation of the light transmittivity between the two
states, a variation which can be enhanced by properthe sample thickness d and the absorption coeYcient a

to change the induced temperature rise by several orders experimental conditions.
Another class of phenomena leading to strong non-of magnitude. One of the most common ways to get a

remarkable temperature rise with very low intensity is linear behaviour is due to photo-induced changes of the
molecular conformation . These photostimulated variationsto dope the liquid crystal with highly absorbing dyes.

However recent studies have shown that several diVerent in shape and structure of molecules act as light induced
impurities which aVect the intermolecular energy and,phenomena may occur in dye-doped liquid crystals, and

therefore one should be very careful in using this tech- as a consequence, the order parameter in the vicinity of
the impurity. In this way a large change of the refractivenique with the unique purpose of enhancing thermal

indexing. index may be induced which is of the same order of
magnitude as that due to optical reorientation. TheThe knowledge of the temperature rise is necessary

in order to work out the corresponding non-linear study of these phenomena is becoming increasingly
important for the recording of optical information.refractive index, which for the extraordinary wave may
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88 F. Simoni

4. Main issues of present and future investigations the tilt angle in these phases. In the case of electroclinic
eVect, this property gives rise to an original couplingIn the following I will mention, in my opinion, the

most interesting and promising subjects of investigation between the orientational and thermal properties of the
liquid crystal. These studies have shown the occurrenceconcerning the non-linear optical properties of liquid

crystals [6]. of unexpected reorientational phenomena probably
due to light induced ¯ ow, with consequent director
reorientation.4.1. Photoref ractive eVects

The photorefractive eVect arises from optically
generated charge carriers which migrate under spatially 4.4. Non-linear optics in composite liquid crystalline

materialsvarying patterns of illumination. The migration due to
diVusion and the action of a d.c. bias ® eld produces a The investigation of non-linear optical properties in

materials containing liquid crystals and polymer hasspace-charge separation which gives rise to a strong
space-charge ® eld. The consequent strong modulation been limited in the past few years to polymer dispersed

liquid crystals (PDLC) revealing several peculiar featuresof the refractive index makes photorefractive materials
very eYcient for non-linear wave mixing processes. For such as the self-transparency eVect, all optical bistability

and voltage controlled self-diVraction. The examplesthis reason they can be employed in many applications:
information storage, image processing and optical neural mentioned point out that the amazing non-linear

properties of liquid crystals combined with the particularnetworks. The eVect has also recently been demonstrated
in nematic liquid crystals doped by dyes or fullerene. structure of a composite material may give rise to very

original properties which may suggest new applications.However, again liquid crystals have shown their amazing
features since besides the c̀onventional’ diVusive photo- It is believed that other materials of this kind such as

® lled nematics or liquid crystal dispersed polymersrefractive eVect due to induced photoconductivity by
impurities, a peculiar photorefractive phenomenon due deserve investigations in this direction which have not

been performed as yet.to Helfrich’s eVect has been demonstrated. This is at
present the strongest of the non-linear eVects known in
liquid crystals leading to director reorientation with a 4.5. Pattern formation

Complex spatial structures may arise in the transversemodulation of the LC refractive index three orders of
magnitude higher than in GON! pro® le of the laser radiation due to non-linear optical

interaction. These eVects become easy to observe using
liquid crystals because of the giant non-linear response,4.2. Dye enhanced reorientation

In nematic liquid crystals doped by anthraquinone and are usually obtained under a single mirror feedback
con® guration or in Fabry± Perot cavities. First of all,dyes, the threshold for the optical FreÂ edericksz transition

can be reduced by two orders of magnitude allowing these patterns are amazing since a redistribution of the
light wavefront occurs in regular geometrical structures,sub-milliwat t light power to induce the eVect. The experi-

mental observations demonstrate that this phenomenon but they are also very interesting for the fundamental
investigation of spatio-temporal instabilities. From theis not due to thermal eVects. It seems that the excited

dye molecules introduce an additional torque on the point of view of applications, these patterns are very
attractive for optical information processing. Even ifmolecules which gives rise to an additional contribution

to molecular reorientation. It has also been found that these eVects are not peculiar to liquid crystals, they are
easier to produce and study in these materials and thisthe eVect can be positive , enhancing the reorientation

eVect towards the light polarization direction, or negative, can make applications really feasible.
stabilizing the director orientation against the light eVect.
The nature of the phenomenon is not yet understood 4.6. Fibre optics applications

In the last few years there has been a growing interestand may be interpreted as due to a new type of molecular
interaction. in studying light propagation in guided structures with

liquid crystals as the core or cladding materials. One of
the most addressed issues concerns the possibility of4.3. T hermal reorientation in ferroelectrics

Very little work has been done up to now on the using the strong non-linear response of liquid crystals
to achieve an all optical switching between diVerentnon-linear optical properties of liquid crystals in

phases diVerent from nematics. Among them, and very guided modes. The possibility of having active optical
connections between ® bres has also been considered.interesting and promising for possible applications, are

the experiments performed on ferroelectric liquid crystal The published papers represent only the starting point
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starting point is the strong temperature dependence of ment in the near future if it is accompanied by a parallel
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