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Abstract

Dye doped liquid crystals are interesting materials which present a colossal optical

nonlinearity (n2 = 103cm2/W ) [1]. This dissertation is focused on the e�ects that

contribute to the reorientation of the liquid crystal molecules induced by the dye

photoanchoring to the substrate, and which are responsible for the formation of per-

manent gratings. It was found that small changes in the substrate due to the dye

anchoring, leads to large changes in the bulk liquid crystal reorientation.

In addition, the outstanding characteristics of this material, which include low

power illumination requirements, among others, are exploited in phase contrast mi-

croscopy [2]. An inversion in the image contrast of a known phase object has been

observed by changing the polarization from extraordinary to ordinary. So far, the

minimum phase change resolvable is λ/8 at 633nm. This method can be implemented

in real time, and the contrast can be tuned by adjusting the intensity and polarization

of the illumination beam, temperature and electric �elds.
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Chapter 1

Introduction

1.1 Background

The discovery of novel nonlinear optical materials is an atracttive research �eld. Its

ambitious goal is the replacement of the electronic or electro-optical devices for all-

optical systems [3]. However, these devices require high powers to work properly

what makes impossible their implementation for real-time applications. Therefore,

large nonlinear materials are required for photonic applications where it is possible

to make use of weaker and unfocused lasers.

Liquid crystals (LCs) exhibit such a kind of optical nonlinearity. Their optical prop-

erties have been broadly studied over the last three decades and applied in di�erent

�elds. Nowadays, LCs have been exploited in the display industry, and they are used

to construct spatial light modulators (SLMs). In addition, they have been employed

in real-time image processing and in optical computing applications [4]. LCs are also

used to fabricate optical switching devices, highly sensitive temperature sensors and

thermographical devices, among many other usages [5].

The surge of the nonlinear optical properties of LCs research began in 1980, when

Zeldovich et al. [6] reported the observation of giant optical nonlinearity in trans-

parent LCs (n2 = 10−5cm2/W ) caused by collective molecular reorientation of this

material, representing at that time the largest nonlinearity ever achieved. Ten years

later, Janossy et al. [7] noted that nonlinear e�ect can be enhanced by an additional
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torque exerted by anthraquinone dyes, obtaining n2 = 10−3cm2/W . After some years,

Khoo et al. [8] reported even larger values for n2 ≈ 1cm2/W by doping the liquid crys-

tal 5CB with a small amount of the azo-dye methyl red (MR) [9]. It was interpreted

as a photorefractive-like e�ect based on the photo-induced space-charge �eld gen-

erated by the spatial modulation of the conductivity and the dielectric anisotropy of

the liquid crystal. Recently, Lucchetti et al. [1] obtained a nonlinear refractive index

of n2 ≈ 103cm2/W in randomly-oriented thin liquid crystal cells. The authors called

this e�ect as colossal nonlinearity. The origin of the nonlinearity was attributed to a

surface-induced nonlinear e�ect, particularly photoadsorption of the dye to the glass

substrate, which produced a volumetric reorientation when the anchoring conditions

of the dye are a�ected by light [10].

Unfortunately, azo-dye methyl red doping presents a side e�ect: the permanent

anchoring of the dye molecule to the substrate. This e�ect can be undesirable for

some applications (displays, SLM, etc.), while in others, such as optical memories,

holography, etc., it is possible to take advantage of the molecular anchoring [11]. In

this dissertation these phenomena are studied in order to understand and control the

mechanisms present during the photoisomerization.

On the other hand, the prominent characteristics of dye doped liquid crystals

(DDLCs), (low power requirements, refractive index dependent on intensity and po-

larization, among others) suggest that this material may be the best candidate for

nonlinear optical phase contrast applications. This technique requires a speci�c and

localized refractive index modulation (at the Fourier plane of the system) to con-

vert phase information into intensity changes. The conventional phase contrast mi-

croscope was developed by Frits Zernike, for which he obtained the Nobel Prize in

1953 [12]. Nevertheless, this device su�ers for the di�culties of the phase �lter con-

struction and for the alignment of this �lter in the optical system. However, the use

of a nonlinear material as a Zernike �lter solves this problem i.e., its refractive index

dependent on intensity allows the self phase modulation, and it is self aligned. Con-

cerning the DDLC, one of its most remarkable advantages is the possibility to tune

the contrast of the acquired images by controlling the light's polarization of illumi-
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Objective of the Thesis

nation. This is a noteworthy advantage because it is not available in other standard

nonlinear materials, and makes them promising for real time applications.

1.2 Objective of the Thesis

This section is focused on describing with detail the general and speci�c objectives of

this research.

� An important goal of this dissertation is to study and elucidate the molecular

mechanisms involved in the photoinduced optical nonlinearity present in azo-

dye-doped nematic liquid crystal (4-pentyl-4'-ciano-biphenyl, 5CB). The pres-

ence of dye molecules has an enormous contribution to the nonlinear optical

enhancement behavior. However, the interest is focused on the molecular in-

teractions between the material and the cell substrate. To achieve this aim, the

following speci�c goals need to be accomplished:

{ To describe and control the mechanism responsible for the formation of

permanent gratings on azo-dye doped liquid crystals.

{ To perform pump-probe con�guration experiments on two chemically sim-

ilar azo-dyes used to dope the nematic LC 5CB (methyl red and methyl

yellow) in order to characterize the photoinduced optical nonlinearities.

{ To compare the nonlinear optical behavior of dye-doped nematic LC with

both dyes.

{ To analyze and clarify the anisotropic behavior of the gratings recorded on

DDLC cells upon a polarized probe beam.

{ To measure the response and relaxation time of the DDLC system as func-

tion of intensity and polarization of the pump beam.

As mentioned before, methyl red dye shows molecular adsorption to the substrate,

but the methyl yellow does not present any permanent photoadsorption. The only

chemical structure di�erence between these dyes is the acid group position in the

phenyl ring (i.e. 2'-COOH on MR). Our hypothesis is that this acid group is involved

13
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in the dye anchoring on the substrate. Therefore, the analysis of the measurements

as well as the study of the dye contribution to the photoalignment of LC molecules

are needed to elucidate this process.

Besides, in order to take advantage of the extraordinary nonlinearity of DDLCs in

the phase contrast technique (where the phase modulation is crucial) it is necessary:

� To �nd the dependence of the phase change induced by the cell as function of

the intensity and polarization's beam. To accomplish this aim the following is

needed:

{ To measure transmission values of the sample for low and saturation in-

tensities as function of polarization. Such values are related with the phase

change induced by a DDLC cell.

References [13, 14] report strong dependence of the sign of the nonlinearity

of DDLCs on polarization's illumination. For this reason, it is expected to �nd an

important contribution in the phase change due to polarization. Actually, based on

this fact, the implementation of a phase contrast microscope using a DDLC cell as a

Zernike �lter is purposed. According to that, the next goals are:

� To demonstrate that a DDLC cell with molecular planar alignment can be em-

ployed as a nonlinear �lter in a phase contrast microscope. Even more, it is im-

portant to prove that its intensity and polarization dependence solve common

alignment di�culties, while allowing real-time contrast tuning of the images.

Thus, the speci�c goals are needed:

{ To implement an image forming system placing a DDLC cell at the Fourier

plane in order to obtain a phase contrast microscope.

{ To evaluate the performance of this cell as a Zernike �lter comparing the

contrast of the images for di�erent known thick phase objects.

{ To characterize the image contrast as function of intensity and polarization

illumination.

{ To prove that it is possible to adjust the contrast in the images for real-time

applications by rotating the beam's polarization.

14
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Taking into consideration the outstanding features of DDLC, it is expected to

achieve high contrasted images and exciting applications for the nonlinear phase con-

trast based on the employment of this material.

1.3 Outline

The content of this document is organized as follows. Chapter 2 gives the theoretical

basis of this research work. The �rst section contains a review of liquid crystals and

its nonlinear optical properties. The basic features and classi�cation of liquid crystals

are given. In addition, the liquid crystalline phases, the order parameter and the

liquid crystal anisotropy are de�ned. The nonlinear optical properties of transparent

liquid crystals and the Janossy e�ect in dye doped liquid crystals are de�ned. This

section ends with a concise description of the grating di�raction formation and Z-scan

as techniques to measure optical nonlinearities. The second section of this chapter

includes the classical and a generalized approach of the phase contrast theory. A gen-

eral expression for the image contrast for phase �ltering is given. Chapter 2 concludes

with a review of the employment of a nonlinear material as Zernike �lter.

The experimental results related with the understanding of the photoisomerization

of azo dye molecules as dopants of LCs are presented in Chapter 3. Sections 2 and

3 report the study of the molecular mechanisms which gives rise to the dye anchor-

ing on the substrate and its induced alignment over the LC molecules. These results

employs the grating di�raction formation in order to measure the nonlinear contri-

bution over the sample. The following section shows the anisotropy of the sample

for low intensity (linear regimen), and section 5 presents the discussion related with

the dynamics of the response and relaxation time of the material. The last section of

Chapter 3 describes the experiments in order to obtain an expression for the phase

change as function of intensity and polarization illumination.

Chapter 4 shows the contrasted images obtained by using a dye doped liquid crys-

tal planar cell as nonlinear �lter in the phase contrast technique. The performance of

the technique is demonstrated by showing the image contrast of known thick phase

objects and for di�erent illumination intensities. The results con�rmed that the phase
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change in the LC sample, and hence the image contrast, can be controlled by rotating

the beam's polarization. This chapter also includes the images of intriguing edge en-

hancement of a 4.8πrad thickness phase object, as well as the high contrasted images

acquired for living organisms in real time.

Finally, Chapter 5 gives a discussion of the contribution of this dissertation.

The aims of this research work are reviewed and the perspectives of this work are

analyzed.
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Chapter 2

Theoretical Basis

The objective of this chapter is to provide the basic theory involved in this research

work. A general background on the physical properties of liquid crystals and on their

nonlinear optical behavior is presented. In addition, one section of this chapter is

focused on the main phase contrast microscopy concepts. The nonlinear version of

the Zernike microscope is also reviewed and the use of a dye-doped-liquid crystal cell

as a Zernike �lter is analyzed.

2.1 Basic Review of Azo-Dye-Doped Liquid Crystals and their

Nonlinear Optical Behavior

The �rst observations of liquid crystalline or mesomorphic behavior were made in

1888 by Reinitzer and Lehmann [15]. When Reinitzer found two melting points in

some cholesterol samples (at 145.5◦ C and 178.5◦ C), he sent them to Lehmann who

was studying crystallization properties of some substances. Lehmann found that even

though cholesterol 
ows like a liquid when observed under a cross-polarized micro-

scope, it has some similarities with crystals. At that time, he called them 
owing

crystals but later used the term liquid crystals.
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2.1.1 General description of liquid crystals

Liquid crystals are materials that exhibit one or more intermediate phase(s) between

crystalline solid and isotropic liquid phases. The molecules in a crystal are ordered

whereas in a liquid they are not. The existing order in a crystal is usually both po-

sitional and orientational, i.e., the molecules are constrained both to occupy speci�c

sites in a lattice and to point their molecular axes in speci�c directions. Quite the

opposite, the molecules in liquids are randomly di�used throughout the sample con-

tainer with the molecular axes tumbling wildly [5]. Likewise, in intermediate phases

(called mesophases) liquid crystals retain the ability to 
ow like ordinary liquid, but

also possess long-range orientational order (whether or not molecules are pointing

in the same direction). Some LCs may also have positional order as well (whether or

not molecules are arranged in any sort of ordered lattice).

Liquid crystals have an important characteristic which they share with solids:

they are anisotropic substances. This anisotropy manifests itself in many physical

properties, i.e., optical, mechanical, electrical. When external �elds (electric or mag-

netic) are applied to a liquid crystal, the �eld will align the anisotropic molecules

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 depend on the �eld strength and may

lead to e�ects such as nonlinear scattering or nonlinear birefringence [16].

2.1.2 Chemical structure of liquid crystals

The typical chemical structure of a liquid crystal comprises a side chains R and a

terminal group R' at the beginning and at the end of the molecule, respectively. Two

or more aromatic rings, A and A' in the middle, are connected by linkage groups X

(See Fig.2.1) [17].

As side chain and terminal groups one can �nd alkyl, alkoxy, and others. The Xs of

the linkage groups are simple bonds or groups as stilbene, ester, tolane, azoxy, and

others. The names of liquid crystals are normally related with the linkage group.
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Figure 2.1: Molecular structure of a typical liquid crystal molecule.

The liquid crystal employed in our experiments is the nematic 4-pentyl-4'-cyano-

biphenyl, known by the abbreviation 5CB. The chemical representation of 5CB is

shown in �gure 2.2.

Figure 2.2: Molecular structure of 5CB nematic liquid crystal molecule. TC is the

transition temperature from nematic to isotropic phase, also known as cleanning tem-

perature.

2.1.3 Classi�cation of liquid crystals

One can classify liquid crystals according to the physical parameters controlling the

existence of the liquid crystalline phases. By considering these parameters, three

distinct types of liquid crystals can be distinguished: lyotropic, polymeric and ther-

motropic.

Lyotropic liquid crystals are obtained when an appropriate concentration of a

material is dissolved in some solvent. The most important variable to control the ex-

istence of the liquid crystalline phase is the concentration of the dissolution. Polymer-

ics, likewise, can be described as polymer versions of the basic monomers on which
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LC's behavior is based (discussed in Section 2.1.2). There are three common types of

polymers characterized by the degree of 
exibility. The most 
exible is the vinyl type,

while the Dupont Kevlar polymer is semirigid and the polypeptide chain is the most

rigid [17]. When transitions to the mesophases in LCs are obtained by purely ther-

mal processes, they are called thermotropic LCs. The experiments reported in this

dissertation are based on thermotropic ones, therefore the next subsection is focused

on their optical properties.

2.1.3.1 Thermotropic liquid crystals

Thermotropic liquid crystals are the most widely used and extensively studied

due their linear as well as nonlinear optical properties [17]. The change in the phase

from crystalline solid to liquid crystal appears when the temperature is raised above

its melting point (TM ). If the temperature is further increased to the clearing point

(TC), the phase changes from liquid crystalline to isotropic liquid (Fig. 2.3).

Figure 2.3: Mesophases of thermotropic liquid crystal as a function of temperature:

(left) solid state, (middle) liquid crystal and (right) isotropic liquid.

There are three main classes of thermotropic liquid crystals classi�ed by their ori-

entational and positional order: nematic, cholesteric or chiral nematic , and smectic.

Nematic molecules have only orientational order throughout the bulk, there exists

no positional order. Thus, the molecules 
ow and are randomly distributed as in a
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liquid, but they all point in the same direction. Most of the nematic phases are uniax-

ial, Fig.2.4(a) . Likewise, cholesterics resemble nematic liquid crystals in all physical

properties except that the molecules tend to align in a helical manner Fig.2.4(b). The

twist may be right-handed or left-handed depending on the molecular conformation.

The spiral arrangement of the molecules in the cholesteric is responsible for its unique

optical properties, i.e., the selective re
ection of circularly polarized light and a ro-

tatory power about thousand times greater than that of an ordinary optically active

substance [15]. The smectic phase has orientational order but also certain degree of

positional order. Several forms of smectic phases have been discovered and labeled

by a letter from the alphabet. Currently, smectic A to smectic C phases have been

found. They are characterized by their tilt angle (with respect to the plane normal)

and packing formation, see Fig. 2.4(c). In both the smectic A and smectic C phases,

the molecules are randomly di�used within each plane. No positional order exists

within each plane, so in a sense the positional order is in one dimension only. How-

ever, other smectic liquid crystals phases exist in which the molecules are somewhat

ordered within each plane.

2.1.4 Order in liquid crystals

Liquid crystals in the isotropic phase (di�erent from liquids) can possess a short range

order. In this phase, the molecules within a short distance of one another are cor-

related by intermolecular interactions. Therefore the physical and optical behavior

of liquid crystals can be described in two di�erent ways: the ordered and the dis-

ordered. The ordered (nematic) phase can be characterized by a long range order

(not complete) and crystalline-like physical properties and the disordered (isotropic)

phase by a short range order. Both order parameters show critical dependences near

the phase transition temperature TC from nematic to isotropic phase or the opposite

direction.

In the most simple liquid crystal phase, one molecular axis tends to point along

a preferred direction. This preferred direction is called the director and is denoted

by the unit vector n. In order to specify the amount of orientational order in such a
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Figure 2.4: Three di�erent types of thermotropic liquid crystals: nematic, cholesteric

and smectic. Arrows show the preferential molecular orientation.

liquid crystal phase, an order parameter S is de�ned. Since the LC molecules are not

�xed, S can be described in many ways. The most useful formulation is to �nd the

average of the second Legendre polynomial P2, as de�ned in Eq.2.1.

S = 〈P2(cos θ)〉 =
1
2
〈
3 cos2 θ − 1

〉
. (2.1)

This quantity can be interpreted as an averaged quantity related with the angle θ

between n and every axis molecule. See Fig.2.5.

In equation2.1, S goes from 0 to 1, for disordered to ordered phases, respec-

tively. Typical values for the order parameter are between 0.3 and 0.9 [18]. S can

be measured by di�erent methods. Usually it is determined by a macroscopic prop-

erty of the liquid crystal phase measurement. Some examples of these properties are

diamagnetism, optical birefringence, nuclear magnetic resonance, and Raman scat-

tering [19].
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Figure 2.5: Geometry used for de�ning order parameter. n represents the director

axis and θ the angle between the director and the molecule axis of the liquid crystal.

In nematics, the director has the symmetry n→ −n and identi�es a single direction.

The average of fourth Legendre polynomial can also be used to de�ne orientational

order parameter. This expression is shown in Eq.2.2. However, measuring P4 order

parameter is more di�cult than measuring S, but it can be achieved by using Raman

scattering, X-ray scattering, neutron scattering, and spin resonance.

〈P4(cos(θ))〉 =
1
8
〈
35 cos4θ − 30 cos2θ + 3

〉
. (2.2)

In particular studies or applications of liquid crystal samples, long-range orien-

tational order can be induced. It can be achieved by imposing particular boundary

conditions at the con�ning surfaces of the cell, called anchoring conditions. Typical

anchoring conditions for a liquid crystal sample may be either homeotropic (n orthog-

onal to the con�ning plates) or planar (n parallel to the con�ning plates) as shown in

Fig.2.6.

Figure 2.6: Liquid crystal anchoring con�gurations: (a) homeotropic; (b) planar.

The order existing in the liquid crystalline phases destroys the isotropy and

induces anisotropy in the system. Themacroscopic anisotropy is observed because the
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molecular anisotropy responsible for this property does not average out to zero as is

the case in an isotropic phase. Under some circumstances it is possible to photoinduce

molecular reorientation and thus, the anisotropy of the material can be controlled.

2.1.5 Anisotropic physical properties

As mentioned before, the molecular reorientation and redistribution gives origin to

nonlinear optical phenomena. These e�ects are observed in materials which are

isotropic but are constituted by anisotropic molecules. Liquid crystals present a pecu-

liar characteristic: they are not only constituted of anisotropic molecules but they also

keep this anisotropy on a macroscopic scale [16]. This anisotropy is manifested in

many physical properties. Actually, due to this characteristic it is possible to achieve

nonlinear optical behavior. In the following, a brief discussion of the optical and

dielectric anisotropic properties is given.

2.1.5.1 Optical anisotropy: the refractive index

The liquid crystals are optically anisotropic materials, i.e., the propagation velocity

of light waves in this medium is no longer uniform but is dependent upon the direction

and polarization of the light waves transversing the material. As a consequence, the

material is found to possess di�erent refractive indices in di�erent directions [19].

The optical anisotropy (or birefringence), de�ned by Eq. 2.3, depends on the electric

�eld intensity, wavelength, temperature, polarization, among others.

∆n = ne − no = n‖ − n⊥, (2.3)

where ne and n0 are the extraordinary and ordinary refractive indices, respectively.

n‖ and n⊥ are the parallel and perpendicular components of the refractive indices to

the long molecular axis. See Fig. 2.7 For rod-like molecules n‖ > n⊥; therefore ∆n is

positive.

There are many methods to determine ∆n i.e., the pump-probe geometry, elip-

sometry, among others.
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Figure 2.7: Refractive indices of a single liquid crystal molecule. ne = n‖ is the ex-

traordinary refractive index given along the longest molecular axis, n0 = n⊥ is the

ordinary refractive index given along the shortest molecular axis.

2.1.5.2 Dielectric anisotropy: the dielectric permittivity

When a dielectric material is a�ected by an electric �eld, positive charges move

toward the applied �eld direction, while the negative ones move to the opposite

direction. These movements induce an electric dipole moment in the material. Thus,

an applied electric �eld induces a macroscopic polarization of the dielectric medium.

For low intensity, the polarization is proportional to the amplitude of the electric

�eld E

P = χE, (2.4)

where χ is the electric susceptibility of the medium. Under these conditions the

displacement D is proportional to E,

D = εE, (2.5)

where ε = 1 + 4πχ is the dielectric constant or the relative electric permittivity. If

the dielectric medium is isotropic and uniform, ε is independent of position and is

described as ε = n2
0, where n0 is the refractive index of the medium [20]. This de-

scription is valid only as long as the polarization is linearly dependent of the electric

�eld.
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In the case of nematic liquid crystals, they can be treated as uniaxial molecules.

Since the axis of the material is de�ned by the director n, the dielectric constant

becomes a tensor of the form [20,21]

ε =


ε⊥ 0 0

0 ε⊥ 0

0 0 ε‖

 , (2.6)

where ε⊥ and ε‖ are the dielectric constants perpendicular and parallel to n, respec-

tively. The dielectric anisotropy is de�ned then as the di�erence between both con-

stants, ∆ε = ε‖ − ε⊥. This quantity measures the di�erence of polarizability of the

molecules along di�erent directions with respect to the applied �eld [22]. | Liq-

uid crystal molecules tend to orient themselves either parallel or orthogonal to the

direction of the applied �eld, depending on the sign of their dielectric anisotropy. If

∆ε > 0, molecules tend to orient parallel to the applied �eld. Otherwise, if ∆ε < 0

molecules orient perpendicular to the applied �eld. However, for high-frequency

�elds all known liquid crystals are characterized by positive ∆ε [17].

Under the action of light an optical electric �eld is applied, thus an optical torque

acting on the liquid crystal molecules is developed. This subject gives rise to the large

optical nonlinearity in LCs and is analyzed in the following section.

2.1.6 The optical nonlinearity of transparent nematic liquid crystals

The phenomenon of photoinduced molecular reorientation of absorbing nematic liq-

uid crystals has been widely analyzed by many authors. See for example: [6,23]. This

interesting mechanism is originated from the interaction between the optical �eld and

the induced polarization over an anisotropic medium.

According to J �anossy et al. [24], if the induced material polarization is not parallel

to the optical electric �eld, a net torque per unit volume acting on the medium is de-

veloped. In most materials, the e�ect of the optical torque is hardly detectable even

when generated by the intense light of a pulsed and focused laser beam. However,

in nematic liquid crystals the optical torque can easily induce a large change of the

molecule average orientation. This e�ect, known as photoinduced molecular reori-
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entation, is at the basis of the LC giant optical nonlinearity, and has been object of

extensive studies in the last decades.

2.1.6.1 The optical nonlinearity

For high light intensities, all materials show a nonlinear optical behavior. In

Eq.2.4, it is assumed that the polarization is a linear function of the electric �eld.

However, as the case may be, for very high light intensities, higher order terms of 2.4

need to be taken into consideration as shown in Eq.2.7,

Pi =
∑
j

χ
(1)
ij Ej +

∑
jk

χ
(2)
ijkEjEk +

∑
jkl

χ
(3)
ijklEjEkEl + · · · . (2.7)

Here the χ's are tensors of various orders and represent the nonlinear coe�cients

[25]. Since in the experiments only one component of the electric �eld and of the

polarization is important, a simpli�ed expression can be written as

P = χ(1)E + χ(2)E2 + χ(3)E3 + · · · . (2.8)

The �rst term χ(1) is associated with the common linear polarization and thus, with

the refractive index of matter. χ(2) is di�erent from zero only for some special types

of crystals (noncentrosymmetric mediums), while χ(3) is the responsible for the Kerr

e�ect. For centrosymmetric medium, the �nal equation for the nonlinear polarization

can be written as

P = [χ(1) + χ(3)E2]E ≡ χeffE. (2.9)

In this equation χeff represents the e�ective susceptibility of the medium and

is proportional to the light intensity (I ∝ E2). Since the refractive index depends on

χeff , it is not longer a constant, but depends linearly on the intensity light

n ≈ n0 + n2I, (2.10)
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where n0 is the linear refractive index and the coe�cient n2 is a measure of the nonlin-

earity of the medium. Such a kind of response (n depends linearly on the intensity),

is know as optical Kerr e�ect.

The optical Kerr e�ect has been observed in liquids, solids and also gases, for

example: benzene, chloroform, among others [26]. This e�ect gives rise to many

phenomena, such as, self-focusing [16], self-phase-modulation, optical solitons [25],

phase conjugation, among others. For glasses, the typical order of magnitude of the

nonlinear coe�cient is n2 = dn/dI ≈ 10−14cm2/W .

For transparent liquid crystals the nonlinear coe�cient is n2 = 10−5cm2/W ; i.e.,

nine orders of magnitude larger than in glasses. For this reason, the liquid crystal

nonlinearity is called giant nonlinearity. However, it is mandatory to mention that

the nonlinearity present in liquid crystals is not strictly a Kerr nonlinearity, and it

does not strictly obey Eq.2.10 because is orientational. Thus, this value is not a true

material property but is actually geometry dependent, i.e., varying with the sample

thickness and the beam incident angle [3].

2.1.6.2 The physical mechanism of nonlinearity

The physical mechanism that leads the response of nematic liquid crystals is

similar to the well-known electro-optical response of nematic liquid crystals, and can

be explained as the result of four steps [3,17,23,27].

1. The optical electric �eld E induces a polarization P that is not parallel to the

�eld (due to dielectric anisotropy) Fig. 2.8:

P = ε0 (ε⊥ − 1)E + ∆ε(E · n)n (2.11)

where n is the molecular director, ε0 is the dielectric permitibility in the vacuum,

∆ε = ε‖−ε⊥ is the dielectric anisotropy at optical frequencies. ε‖ and ε⊥ are the

dielectric constant for E parallel or perpendicular to n, respectively. Since the

reorientation scales linearly for low power (∆n also increases linearly), a simi-

larity between Kerr nonlinearity and reorientational nonlinearity is established.

For high intensity the LC fully reorient and therefore 'saturates'.
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Figure 2.8: .

Notice that for a symmetric molecule ε‖ = ε⊥ and ∆ε = 0 then P = ε0 (ε− 1)E

describes the relation between polarization and the electric �eld for isotropic

materials.

2. As a result of the induced polarization an optical torque ~Γopt is observed Fig.2.9,

and described by Eq.2.12:

~Γopt = 〈P× E〉 = ε0∆ε (n× E) (n · E) (2.12)

Figure 2.9: .

The bracket denotes the average over the optical cycle.

3. The director rotation is opposed by surface anchoring plus bulk elasticity, and

the ensuing torque balance determines the �nal reorientation of the molecular

director n achieved at steady-state. The transient dynamics is controlled by the

director rotational viscosity.

4. The rotation of the molecular director n corresponds to a rotation of birefrin-

gence axes, and thus to modifying the "e�ective refractive index" neff .

For a rigorous analysis of the interaction between light and liquid crystals, it

is necessary to take into consideration the elastic properties of the medium, which
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are described by the Frank elastic free energy density K1,K2 and K3 [28]. They are

related with the splay, twist and bend elastic constants, respectively. However, by

assuming linear restoring torques and considering only one elastic constant described

as K, the torque balance equation has the form show in Eq.2.13 [17]:

K
d2θ

dz2
+

∆εE2
0

8π
sin 2(β + θ) = 0, (2.13)

where θ is the photoinduced reorientation molecule angle and β is the angle of inci-

dence with respect to the normal to the cell. See Fig. 2.10.

Figure 2.10: Geometry of the illumination upon a liquid crystal cell. β is the angle be-

tween the normal to the cell and the illumination, θ is the photoinduced reorientation

molecule angle and d is the cell thickness.

In the small θ approximation, Eq. 2.13 may be written as

2ξ2 d
2θ

dz2
+ sin 2β = 0, (2.14)

where ξ2 = 4πK/[∆εE2
0 ]. If the study uses the hardboundary condition, which means

that the director axis is not perturbed at the boundary (θ = 0 at z = 0 and z = d) [29],

the solution of Eq. 2.14 is

θ =
1

4ξ2
sin 2β (dz − z2), (2.15)
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that is, the reorientation is a maximum at the center and vanishingly small at the

boundary of the cell. When averaged over the sample thickness, the factor (dz − z2)

gives d2/6, so that average reorientation angle is

〈θ〉 =
∆ε

16πK
(sin 2β)

d2

6
E2

0 . (2.16)

As a result of this reorientation, the incident laser su�ers a refractive index

change ∆n(z) which, for small θ, is proportional to the reorientational angle as well,

∆n(z) ∝ ∆ε sin 2βθ(z) [17,29]. By neglecting the z-dependence, it is possible to write

the average photo-induced birefringence as,

〈∆n〉 ∝ ∆ε (sin 2β) 〈θ〉 = n2I, (2.17)

which is proportional to the light intensity. The nonlinear coe�cient n2 can be written

as Eq. 2.18 [17,29],

n2 ∝
(∆ε)2

Kc
sin2(2β) d2. (2.18)

Normally, the average notation is neglected, and the photoinduced birefringence

is know as ∆n. However, it is assumed that ∆n is the average resulting from the

integration over the whole cell length.

In addition, from the point of view of the applied torque, reorientation can be in-

duced only when the angle between n and E is di�erent from zero or π/2, correspond-

ing to an incidence angle β di�erent from zero. However, it can be demonstrated

that, even at normal incidence (β = 0), reorientation can occur if the input intensity

is above a certain threshold. This e�ect is called the optical Fr �eedericksz transition,

and the threshold intensity, Ith = π2cK/∆εd2, is given by the balance between the

optical and the elastic torques [17,29].

Even when the nonlinearity of transparent liquid crystals is much large compared

with other materials, high intensities focused laser are still needed to achieve these

e�ects. However, it is possible to use photosensitive functional dopants to increase

the nonlinearity. These dopants can induce a modi�cation of liquid crystal optical

properties. This subject is reviewed in the next section.

31



Basic Review of Azo-Dye-Doped Liquid Crystals and their Nonlinear Optical

Behavior

2.1.7 Dye-enhancement nonlinear optical properties in azo dye doped liquid

crystals

The increase of the nonlinear optical response in a nematic host system due to the

presence of a small amount of absorbing azo-dyes, is a phenomenon just discovered in

1990 [24,30{32]. Actually, J �anossy et al. [33] proposed a model in order to explain

this enhancement on the nonlinear optical properties of dye doped liquid crystals.

By that time, the authors explained this phenomenon as the photoinduced confor-

mational transformations, such as trans-cis isomerization of dye compounds. They

suggested that this transformation can modify the orientational order parameter in

absorbing liquid crystals. This phenomenon is known as the J �anossy e�ect.

2.1.7.1 Photoisomerization of azo dyes

Azo dyes are some of the most common used dopants in liquid crystals to obtain

colossal nonlinear optical behavior. The name azo comes from azote, an old name

of nitrogen that originates in French and is derived from the Greek a (not) + zoe (to

live). The chemical representation of a general azo dye is shown in Fig.2.11.

Figure 2.11: Chemical structure of an azo dye.

One of the most interesting properties of azobenzene is the photoisomerization of

trans and cis isomers. Azo dyes are able to absorb strongly light along the dye long

axis. Due to this characteristic, the trans isomer can be switched to the cis one by

illuminating with particular wavelengths. In the steady state, the dye molecule has

a 'linear-shape' geometry (trans isomer), likewise upon illumination, the molecule

adopt a 'v-shape' with an angle of 120◦ (cis isomer). The last isomer is less stable

than the �rst one, thus cis isomer will thermally or optically relax back to the trans

via cis-to-trans isomerization.
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Azo dyes are capable to reorient the molecules of materials such as liquid crystals

under polarized illumination. Even more, they are also capable to reorient glassy

polymers and thin solid molecular �lms [34]. For this reason, azo dyes are promising

materials to be used in nonlinear optics. The photoinduced reorientation in azo dyes

can be permanent, and therefore suitable for applications in �elds such as optical

storage, material optical processing, etc.

In the experiments of this dissertation, 4-dimethylaminoazobenzene-2'-carboxylic

acid (methyl red orMR) and 4-dimethylaminoazobenzene (methyl yellow orMY) dyes

are used to dope the nematic liquid crystal 4-pentyl-4'-cyano-biphenyl (5CB). In Fig.

2.12 are shown the chemical structure of MY and MR, respectively, as well as the

trans and cis isomers for each dye.

Figure 2.12: Trans and cis isomers for methyl yellow (a) and methyl red (b). Photo

absorption (hν) leads to excitation to the cis state, whereas thermal relaxation (kT )

brings the molecule back to the trans state. Arrows show the dipolar momentum

orientation for each dye/isomer.

The orientational order in both dye isomers in nematic liquid crystals are di�er-

ent. In fact, trans form is signi�cantly more ordered than the cis form [35]. Under
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these considerations, trans and cis isomers can be analyzed as two di�erent dopants.

Indeed, their di�erent behavior result in an opposite sign in their respective induced

optical torque [33]. This means that trans and cis isomers twist the optical torque in

opposite directions.

The trans-cis photoisomerization of azo dyes results in drastic changes in the

molecular shape, as well as in the distribution of permanent dipole moments in the

molecular structure [36]. Thus, in azobenzene-dye doped liquid crystals the photoin-

duced adsorption of the cis isomers on the solid surface leads to the anchoring and

alignment of the liquid crystal through dipole-dipole interactions [37, 38]. For this

reason, it is very important to mention that the photoisomerization trans-cis induce

also a change in the dipole moment distribution of the molecules. Actually, the dipole

moment change upon photoisomerization for MY and MR are 2.72D and 1.97D, re-

spectively. Furthermore, the dipolar moments in the cis conformation for both dyes

are very similar (4.46D and 4.56D, respectively) [39]. Therefore, one should expect

similar anchoring behavior in both dyes. However, while MR presents permanent

anchoring to the con�ning plates when illuminated, MY presents non anchoring to

the substrate.

2.1.7.2 J �anossy e�ect

By doping a liquid crystal with a minute amount of some dyes, the resulting

torque can be enhanced by sometimes more than an order of magnitude. Then, the

total torque ~Γtot can be written as the sum of the optical and the dye-enhanced torque:

~Γtot = ~Γopt + ~Γdye, (2.19)

where ~Γopt is the optical torque present in transparent liquid crystal due to the pres-

ence of the electric �eld of a laser beam. Likewise, ~Γdye is called the dye-induced

torque and can be expressed as the same form as the optical torque in equation 2.12,

~Γdye = ε0 ς (n× E) (n · E) = η~Γopt. (2.20)
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The constant ς is dimensionless and depends on dye concentration and molecular

structure of both, dye and nematic host. Dye-induced enhancement of the optical

torque in nematic LC's can be quanti�ed by the relation between ς and the dielectric

anisotropy: η = ς/(n2
e − n2

o), known as enhancement factor.

In the case of azo dye there is an additional complication due to the confor-

mational change of the molecule. See Section 2.1.7.1. Each isomer (trans and cis)

has di�erent absorption spectra and di�erent orientational order in the nematic. A

model to describe the trans-cis photoisomerization was developed by J �anossy and

Szabados [33,35].

The mechanism of the trans-cis isomerization is illustrated schematically in Fig.

2.13. The con�gurational coordinate may correspond e.g. to a rotation of one of

the central bonds about the double nitrogen bond. Here trans-cis transitions involve

electronic excitation followed by a relaxation of the nuclear coordinates towards the

minimum energy of the excited state. After de-excitation, a further relaxation process

takes place, which can lead, with a certain probability, to the stabilization of the cis

form. In a similar way, light-induced cis-trans transitions can also occur.

Figure 2.13: Schematic representation of the trans-cis isomerization. Solid and

dashed lines represent trans-cis, cis-trans light induced transitions, and straight line

represents cis-trans thermal transitions.
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In Figure2.13 ΦTC and ΦCT are the quantum e�ciencies of the trans-cis and

cis-trans transitions, respectively. σiT and σiC are the cross section of absorption of

a photon with energy hν for a trans and a cis isomer, respectively, averaged over

the orientational distribution function of a relevant isomer. The index i refers to a

polarization direction of a pump beam; it can correspond to the extraordinary (e) or

ordinary (o) ray (parallel or orthogonal to the long axis molecule). For the extraordi-

nary ray, the averaged cross sections depend on the angle between the wave vector of

the light beam and the director, and τ is the relaxation time for cis-trans transitions.

Upon illumination, photoisomerization takes place, thus the concentration of cis

molecules (NC) is described by the rate equation Eq.2.21:

dNC

dt
= (NTσ

i
TΦTC −NCσ

i
CΦCT )I/hν −NC/τ. (2.21)

The �rst term of Eq. 2.21 describes photo-induced transitions, while the second

one represents thermal cis-trans transitions. NT is the concentration of trans isomers,

I is the light intensity. The third term describes the conversion velocity of cis to trans

isomers.

The microscopic quantities σiC and σiT are connected with the macroscopic absorp-

tion coe�cients (which can be directly measured) by using the trans and cis absorption

coe�cients through the de�nitions

αiT = NσiT , αiC = NσiC , (2.22)

where N = NT + NC, is the total number of dye molecules per unit volume. For

a system which contains a fraction of cis isomers (X = NC/N), the attenuation of a

weak probe beam, polarized along them direction, can be described by an absorption

coe�cient that is a linear superposition of the contributions from the trans and cis

isomers

αm = (1−X)αmT +XαmC . (2.23)

Under the in
uence of a pump beam with intensity I and polarized along i, in

steady state conditions (dNC/dt = 0) the equilibrium cis fraction, X = Xi
eq is
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Xi
eq =

Xi
S

1 + IiS/I
. (2.24)

In Eq.2.24Xi
S is the saturated value of cis isomers fraction. From the rate equation

2.21, it is possible to relate the saturation values IiS and Xi
S,with the parameters of

the model as

IiS =
hν

τ(σiCΦCT + σiTΦTC)
, (2.25)

and

Xi
S =

σiTA

σiC +AσiT
=

αiTA

αiC +AαiT
with A = ΦTC/ΦCT . (2.26)

Figure 2.14 shows the intensity dependence of the fraction of cis isomers for

di�erent saturation values XS and with a speci�c IS value.

Figure 2.14: Fraction of cismolecules as a saturable absorber represented in equation

2.24 for XS = 0.4, 0.5, 0.7, 1.0, and IS = 20mW/cm2.
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The rate equation 2.21 can also be written in function of the probabilities that a

trans or a cis molecule is excited within a unit time. These probabilities are called pT

and pC, respectively, and the rate equation is de�ned as

dNC

dt
= −NC(pCΦCT /τ) +NT pTΦTC . (2.27)

In steady state and knowing that NC = NX and NT = N(1 −X), the fraction of

cis molecules X, can be given in function of time as follows

X =
Xsat

1 + τ0/τ
(2.28)

with

Xsat =
pTΦTC

pTΦTC + pCΦCT
, 1/τ0 = pTΦTC + pCΦCT . (2.29)

Here τ0 is the characteristic time for the formation of the steady state cis con-

centration. It decreases as the light intensity is increased; in the limit τ0/τ << 1 the

fraction of cis isomers approaches the saturation value Xsat.

On the other hand, Barnik et al. found that the optical torque depends on the

light polarization in azo dyes but not in anthraquinone [40]. Janossy and Szabados

proposed a model to explain Barnik's results and con�rmed their model in azo dye

doped liquid crystals. They found that in the low level intensity and low dye concen-

tration limits, the trans and cis excitation probabilities pT and pC are proportional

not only to the illumination intensity but also to the angle between the direction of

polarization and the director Ψ, [33]. This is natural considering the probability of

photon absorption parallel and perpendicular to long axis. To probe that it is neces-

sary �rst to consider the dissipated energy per unit time and volume in a single dye

doped:

D = ~ωNp. (2.30)

Macroscopically, the dissipation is given by

D = ε0ωe ε
′′eI, (2.31)

38



Basic Review of Azo-Dye-Doped Liquid Crystals and their Nonlinear Optical

Behavior

where ε′′ is the imaginary part of the dielectric tensor, (Eq.2.6) I is the intensity

of the electric �eld (I ∝ E2), and e is a unit vector along the electric �eld. The

components of ε′′, as for any tensor in a nematic liquid crystal, can be written as

ε′′ij = ε′′⊥δij + (ε′′‖ − ε′′⊥)ninj, where n is the director, i.e., the symmetry axis of the

system [29]. Therefore

e ε′′e = ε′′⊥ + (ε′′‖ − ε
′′
⊥) cos2 Ψ, (2.32)

where Ψ is the angle between the director n and the polarization direction e. Com-

paring Eq.2.30 with Eq.2.31 and replacing Eq.2.32 in this relation, one can �nd the

next expression for the probability

p =
[
f⊥ + (f‖ − f⊥) cos2 Ψ

]
I, (2.33)

with f⊥ = ε′′⊥/N~, and f‖ = ε′′‖/N~.

Therefore, the probabilities pC and pT became

pC =
[
c⊥ + (c‖ − c⊥) cos2 Ψ

]
I, (2.34)

pT =
[
t⊥ + (t‖ − t⊥) cos2 Ψ

]
I, (2.35)

where c⊥, c‖, t⊥ and t‖ are constants for a particular dye and depend on the orienta-

tional order of trans and cis isomers.

Substituting pC and pT in Eq.2.24, the saturation value of the fraction of cis isomers

dependence on Ψ is found

XS = Xord
1 + g cos2 Ψ
1 + h cos2 Ψ

, (2.36)

Xord represents the saturated cis concentration for polarization perpendicular to the

director and is given by

Xord =
At⊥

At⊥ + c⊥
. (2.37)
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Likewise, g and h are molecular parameters determined by transmission measure-

ments and given by these equations:

g =
t|| − t⊥
t⊥

, (2.38)

h =
A(t|| − t⊥) + c|| − c⊥

At|| + c⊥
, (2.39)

where

A =
ΦTC

ΦCT
. (2.40)

The transmission measurements needed to �nd the g and h parameters, and to

know the X behavior, are detailed in the following lines. The probe transmission is

given by T = T0 exp−αzd, where T0 is the transmission of an undoped sample, d is the

sample thickness, αz gives the attenuation of the probe beam along the z direction

(normal to the plates). αz can be given as a linear superposition of the contributions

from the two isomers:

αz = XαC + (1−X)αT . (2.41)

The measurements without a pump beam correspond to X = 0, while for XS

and Xord a parallel or perpendicular polarized pump to the director, respectively, is

required. Denoting the corresponding transmissions by TT (no pump), TS (parallel

polarized pump), and Tord (perpendicular polarized pump) we have

TT = T0 exp−αT d, (2.42)

TS = TT exp−(αC−αT )XSd, (2.43)

Tord = TT exp−(αC−αT )Xordd . (2.44)

From these equations it is possible to obtain

XS/Xord =
lnTS/TT

lnTord/TT
, (2.45)

and therefore it is possible to deduce g and h parameters by �tting them.
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As mentioned before, the enhancement factor can be treated as the contribution

of two di�erent dyes. One of them due to the cis isomers and the other one due to

the trans isomers fraction. Therefore, the equation for the enhancement factor η can

be expressed by

η = XηC + (1−X)ηT = ηT + (ηC − ηT )X, (2.46)

where ηC and ηT are the enhancement factors for the cis and trans isomers, respec-

tively. It is important to stand out that ηC and ηT have no angular polarization depen-

dence, while X and thus η depend on the angle between the director and polarization

direction, Ψ. If the light is high enough to saturate the cis concentration (X = XS)

the angular dependence of η is

η = ηT + (ηC − ηT )XS , (2.47)

whereXS is given by Eq.2.36. In Fig.2.15 enhancement factor in function of the angle

Ψ is plotted for R4 dye [33].

Figure 2.15: Enhancement factor η, dependence on Ψ, where g = 10.1, h =

3.52, Xord = 0.26, ηT = 500, ηC = −400 [33].
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Brie
y, J �anossy et al. found that the optical torque produced by cis isomer is

positive, while for the trans isomer is negative. The resultant enhancement factor is

reduced due to the competition of both isomers. The polarization dependence will be

quite useful in the phase contrast experiments discussed later.

2.1.7.3 Colossal nonlinearity in azo-dye doped liquid crystals

The nonlinear refractive index of the liquid crystals increases many orders of

magnitude when doped with azo dyes. This enhancement has been adjudicated to

the azo dye photo-isomerization. In 2004, Lucchetti et. al [1] reported experimental

evidence of the highest value ever published of the nonlinear refractive index coe�-

cient (n2 > 103cm2/W ) in liquid crystalline materials. They called this nonlinearity

colossal and it was adjudicated to the anchoring conditions. These colossal e�ect was

later reported to be near the nematic to isotropic phase transition temperature, and

attributed to the onset of critical opalescence and pretransitional e�ects [10].

2.1.8 Nonlinear optical measurements of dye-doped nematic liquid crystals

Several techniques are used to characterize the nonlinear optical behavior of dye-

doped liquid crystal cells. One of them consists in the holographic grating di�raction

formation. An Argon laser is employed to induce the nonlinearity and a weak He-Ne

laser is used to probe and measure this behavior.

Other common method to characterize nonlinear materials is know as Z-scan. In

this technique themonitoring of the transmittance variations of samples as function of

the sample position is scanned around the focal point of a fast lens. In bothmethods it

is possible to measure the nonlinear optical response not only in function of intensity

but also in function of its polarization direction.

In this dissertation the �rst technique was used to characterize the nonlinear

coe�cient in function of intensity and polarization in the samples and the results

obtained in these experiments are reported in chapter 3. In addition, some Z-scan

measurements in Ref. [14] are used to complement the information. Next section

presents a brief review of both techniques.
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2.1.8.1 Grating di�raction formation

The holographic grating formation consists in illuminating a liquid crystal cell

with an interference pattern produced by two pump beams with total intensity Ip and

wavelength λ. Due to the local refractive index change, the light intensity distribution

in the interference pattern creates a phase grating inside the cell i.e., in the bright

fringes the molecules are reoriented due to the presence of the electric �eld, while

in dark fringes there is no reorientation (Fig.2.16). In order to probe the di�raction

e�ciency ζ of the grating, a probe beam illuminates the cell.

Figure 2.16: Scheme of a holographic grating in the LC sample due to an interference

pattern of two coherent Ar+-laser beams (blue) which cause a refractive index modu-

lation. A He Ne-laser (red) beam impinging the sample results in di�racted beams of

zero-, �rst- and second-order. d is the thickness of the sample, γ the angle between

the incident He Ne-laser beam and Ω the interference angle of the Ar+-beams.

The di�raction e�ciency ζ is de�ned as the ratio between intensity I+1 of the �rst

order of di�raction and the total probe beam intensity I0, that is [22]:

ζ =
I+1

I0
. (2.48)

The typical liquid crystal samples thickness d is 5→ 20µm. For such reason, in our

case we are exclusively working with Raman-Nath gratings valid for d << Λ2/λ [20]

and therefore we observe several orders of di�raction. Here d is the thickness of the

cell, λ is the wavelength of the pump laser, and Λ is period of the grating.

The phase grating can be speci�ed by Λ, the fringe spacing in the interference

pattern [41] and de�ned by
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Λ =
λ

2n sin(Ω/2)
≈ λ

nΩ
(2.49)

where Ω is the wave-mixing angle and n the refractive index of the material.

In the Raman-Nath regime, the �rst order di�raction e�ciency can be calculated as:

ζ = |J1(δ)|2 , (2.50)

where J1 is the Bessel function of the �rst order and the argument δ = ∆nd2π/λ. For

δ < 1, the di�raction e�ciency can be approximated as

ζ ≈ (
π∆nd
λ

)2, (2.51)

and cannot exceed the maximum theoretical value of 34% [42] (See Fig. 2.17).

Figure 2.17: Di�raction e�ciency at the Raman-Nath regime in Eq. 2.50(dashed line)

and the approximation for δ = ∆nd2π/λ small (solid line).

By replacing ∆n = n2Ip Eq.2.17 into Eq. 2.51, one can �nd

n2 =
λζ1/2

πdIp
. (2.52)
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2.1.8.2 Z-scan measurements

The Z-scan is a simple and popular experimental technique to measure intensity

dependent nonlinear susceptibilities of materials. In this method, the transmittance

of the sample through an aperture is monitored in the far �eld as a function of posi-

tion, Z, of the nonlinear sample in the vicinity of the linear optics focal position. The

required scan range in an experiment depends on the beam parameters and on the

sample thickness d. A critical parameter is the di�raction lenght, Z0, of the focused

beam de�ned as πw2
0/λ for a Gaussian beam, where w0 is the focal spot size [43].

By varying the aperture in front of the detector, one makes the Z-scan trans-

mittance more or less sensitive to either the real or imaginary parts of the nonlinear

response of the material, i.e., nonlinear refractive index and nonlinear absorption,

respectively.

A typical Z-scan measurement for a thin sample exhibiting nonlinear refraction, is

shown in Fig. 2.18. The solid line in this �gure corresponds to a self-focusing nonlin-

earity, where ∆n > 0. The measurement results in a valley followed by a peak in the

normalized transmittance as the sample is moved towards the detector (increasing

Z). The positive lensing induced upon the sample results in a greater far �eld di-

vergence and a reduced aperture transmittance. On the other hand, with the sample

placed after focus, the same positive lensing reduces the far �eld divergence allow-

ing for a larger aperture transmittance. The opposite occurs for a self-defocussing

nonlinearity, ∆n < 0 (Fig.2.18, dashed line).

Rodriguez et al. [14] reported the characterization of a dye doped liquid crystal

sample of methyl red in 5CB using the Z-scan technique with CW illumination at

633nm. Using a planar cell, they observed the strong nonlinear optical response,

both negative and positive. In fact, their measurements show that the sign in the

nonlinearity is dependent on the angle between polarization and the director of the

LC molecules. Figure 2.19 shows these measurements for an incident power of 4mW

and di�erent input polarizations.
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Figure 2.18: A typical Z-scan for positive (solid line) and negative (dashed line) third-

order nonlinear refraction at Ref.[43].

Figure 2.19: Z-scan curves at 633nm for incident polarizations of: 0◦(�), 30◦(◦), 60◦(�)

and 90◦(+). A 3.5cm lens and unexpanded beam (0.8mm diameter) from a He-Ne laser

(λ = 633nm) were used. Sample thickness 20µm and incident power of 4mW . Lines

are numerical simulations for the same input polarizations. Taken from Ref.[14].
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2.2 Phase Contrast Microscopy

Imaging and visualization of phase objects is an outstanding topic in microscopy. In

fact, di�erent techniques have been developed to measure and analyze qualitatively

and/or quantitatively optical phase disturbances. Among these techniques is the

well-known Zernike phase-contrast method, which is able to extract the phase infor-

mation of small distortions. The phase contrast technique was originally proposed

by Frits Zernike in 1934 [44, 45]. This technique employs an optical mechanism to

translate minute variations in phase into corresponding changes in amplitude, which

can be visualized as di�erences in image contrast. One of the major advantages of

phase contrast microscopy is that living cells can be examined in their natural state

without previously being killed, �xed, and stained. As a result, the dynamics of on-

going biological processes can be observed and recorded in high contrast with sharp

clarity of minute specimen detail.

Unfortunately, this phase contrast technique presents some problems i.e., di�cult

alignment, strict fabrication �lter requirements, very expensive equipment, among

others. However, some of these di�culties can be solved using nonlinear materials.

The colossal nonlinearity of dye doped nematic liquid crystal (n2 = 100 cm2/W ) [1]

makes of this material a promising candidate to be used as a Zernike �lter, since low

power lasers (∼ 1mW ) are used.

In this section the original phase contrast system proposed by Zernike will be

reviewed and a more strict and general mathematical analysis is also included. In

addition, the implementation of a phase contrast microscope using a DDLC cell as a

nonlinear �lter is examined and the advantages exhibited by this material are ana-

lyzed.

2.2.1 Classical Zernike Phase-Contrast Microscope

For this mathematical analysis one can consider that the transmittance of a

phase object, f(x, y), with small phase variations, ϕ(x, y) ≤ 0.1π rad, is coherently

illuminated in a common image-forming system. x and y are the spatial coordinates
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in the plane perpendicular to the optical axis. By considering the �rst two terms of

the Taylor expansion it is possible to approximate f(x, y) as follows [46]:

f(x, y) = exp[iϕ(x, y)] ≈ 1 + iϕ(x, y). (2.53)

The intensity produced by this phase object is given by

I(x, y) ≈ |1 + iϕ(x, y)|2 ≈ 1. (2.54)

Nevertheless, in Eq. 2.54 the phase information is not observed because the

constant term 1 and ϕ(x, y) are separated by 90◦ in the complex plane, in other words,

they are in quadrature. Zernike realized that placing a phase �lter in the Fourier plane

it is possible to break this quadrature (see Fig.2.20) and thus, visualize phase changes

as intensity changes in the image plane. Zernike used a phase �lter of ±π/2 to perturb

the zero order, therefore, the intensity distribution becomes [46]:

I(x, y) ≈ |exp(±iπ/2) + iϕ(x, y)|2 ≈ 1± 2ϕ(x, y). (2.55)

In Eq. 2.55 a linear relation between phase changes and intensity distribution

is obtained i.e. phase changes can easily be quanti�ed taken into consideration the

contrast of the images. For 1+2ϕ(x, y) the contrast in the images is referred as positive

phase contrast, while for 1−2ϕ(x, y) is referred to as negative phase contrast. It means

a phase retardation of +π/2 or −π/2, respectively.

A schematic representation of the system is shown in �gure 2.20.

The object wave is divided into the undi�racted and di�racted light. The un-

di�racted wave (zero order) is perturbed in phase by the Zernike �lter. In the obser-

vation plane, the di�racted and undi�racted waves interfere producing an intensity

distribution where the phase object is visualized. In order to achieve this shift phase

in the undi�racted light, only a small circular phase plate is placed in the Fourier

plane. Therefore, the radius of the phase �lter is typically smaller than the di�rac-

tion limited radius of a undistorted focused input wave [47].
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Figure 2.20: Implementing phase contrast using a 4f system. L1 and L2 are the lenses

of the system.

2.2.1.1 Fill factor considerations

In order to obtain the highest image contrast, another consideration must be

done. It has been proved the necessity to illuminate the object over a considerable

area given by the �ll factor, in order to obtain high contrasted images. This factor is

given by equation [48,49]:

% =
Object area

Total illuminated area
. (2.56)

It means that the largest the total illuminated area respect to the object area,

the higher the energy of the zero spatial frequency of the Fourier transform. For

nonlinear phase contrast it has interesting implications, i.e., the modulation of the

nonlinear refractive index.

2.2.2 Nonlinear phase contrast

In phase contrast microscopy, it is desirable that the phase �lter alters only the

phase in the zero frequency of the Fourier transform (the undi�racted wave). With

this purpose a binary phase �lter is employed in Zernike phase contrast technique.

Unfortunately, the fabrication of the �lter requires very high precision and, once con-

structed, the �lter must be placed at the zero frequency of the Fourier plane, which

represents a hard task to achieve. Other complications are regarded with the Zernike
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�lter size: the Fourier transform depends on the object dimensions, that represents

an important di�culty to be solved.

However, it is possible to take advantage of nonlinear materials, where a refractive

index change can be optically induced. Supposing that a phase object Fourier trans-

form has its maximum intensity at the zero frequency and one would wish to obtain

its phase contrasted image. Then, if this intensity distribution addresses a Kerr-type

nonlinear material, an apodized Zernike �lter is self-induced and the transmitted �eld

generates a contrasted image at the image plane. The high frequencies components

of the Fourier Spectrum induce only a low change in the refractive index. Therefore,

the Zernike phase change is reached.

It is possible to describe analytically the response of the image forming system

taking into consideration the nonlinear material contribution used as a Zernike �l-

ter. This analysis also considers the �ll factor illumination. The input plane �eld

distribution in one dimension can be represented by next equation [47]

f(x) = rect(x) + [expϕ(x)− 1]rect
(
x

%

)
, (2.57)

where ϕ(x) is the phase object distribution to be visualized and % is the �ll factor,

which take values between 0 and 1. In this analysis the magni�cation of the imaging

system is assumed to be one. The �rst term in Eq. 2.57 describes the normalized

illuminated area. On the geometrical focal plane of the lens the �eld distribution is

proportional to F (ν)

F (ν) = (1− %)Sinc
[

1− %
2

ν

]
cos
[π

2
ν(1 + %)

]
+ %Sinc(%ν)⊗F {exp(ϕ(x))} , (2.58)

where ⊗ represents convolution, Sinc(x) is equal to [sin(πx)]/πx and F denotes the

Fourier transform operator. When the �ll factor is small (% ≤ 0.1), the �rst term of Eq.

2.59 dominates the Fourier plane intensity distribution. In this case, if the nonlinear

medium photoinduced phase change is proportional to the intensity across all the

dynamic range, a relative narrow phase �lter is induced that resembles a Zernike-type

�lter. However, the photoinduced phase is no constant around the zero frequency

area. It decreases rapidly from a maximum value at the zero frequency to a minimum
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(zero) at the frequency ν = ±(1 + %)−1. Under these circumstances and considering an

intensity dependent nonlinearity response proportional to the intensity, or Kerr-type

nonlinearity, the photoinduced �lter may be approximated by

H(ν) ≈ 1 + rect
[ν

2
(1 + %)

] [
exp(iα|c(ν)|2)− 1

]
, (2.59)

where α is a constant determined by the nonlinear medium properties and c(ν) rep-

resents the �rst term of Eq.2.58. The photoinduced �lter transmittance of H(ν) has

been approximated to one outside of the main lobe width.

The resulting �eld distribution on the image plane can be given byF−1 {F (ν) ·H(ν)}

and is proportional to the image of the object f(x′) added to a �ll factor, which de-

scribes the phase object visualization

i(x′) ≈ f(x′) +
2

1 + %
Sinc

[
2x′

1 + %

]
⊗F

{
exp(iα|c(ν)|2)− 1

}
⊗
[
rect(x′)− rect

(
x′

%

)]
.

(2.60)

This is a general expression to describe nonlinear phase contrast, however, since

the analysis is not an easy task, a numerical analysis is required.

2.2.3 Phase contrast of a π/2 binary phase object

By using linear phase �ltering, the phase contrast can be calculated for a binary

phase object f(x) given in expression 2.57 with a phase change of ϕ = π/2,

f(x) = rect
( x
T

)
+ [exp(π/2)− 1]rect

(x
t

)
, (2.61)

where T is the total illuminated area and t is the object area.

If the �ll factor is 0.1 and the phase in the �lter is π/2, the intensity distribution

is ploted in Fig. 2.21:

In order to evaluate the performance of the phase contrast system, the image

contrast can be computed as C = (Iϕmax − Iϕmin)/(Iϕmax + Iϕmin), where Iϕmax and

Iϕmin correspond to the �eld distribution intensities for the maximum and minimum

phase change in the object. For this particular case, ∆ϕ = π/2 and the contrast in the

images as function of the phase in the �lter is shown in plot 2.22
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Figure 2.21: Contrasted intensity distribution for ϕ = π/2, ρ = t/T = 0.1 and θ = π/2.

As mentioned before, the behavior of dye-doped liquid crystals when used as a

Zernike �lter gives many advantages. The colossal nonlinear optical behavior allows

the use of weak lasers to induce the change on the refractive index to achieve the

Zernike �lter. Likewise, the fraction of cis isomers dependence on the light polariza-

tion direction suggest the possible to adjust the optical torque induced by the dye

in the LC sample, hence, tune the image contrast. However, it is worth to mention

that the number of cis isomers upon illumination reach a saturation level given by

(XS) in expression 2.24 (X = XS
1+IS/I

). This equation also predict the range of linear

dependence between the fraction of cis isomers and intensity.
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Figure 2.22: Contrast for phase �lters values between 0 and 2π
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Chapter 3

Characterization of the Nonlinear

Optical Properties of Azo Dye-Doped

Liquid Crystals

3.1 Introduction

The enhancement of the molecular reorientation in dye doped liquid crystals (DDLC)

have been deeply investigated for the last decades due to their colossal optical non-

linearity which leads to attractive low power applications. The origin of the enhance-

ment of the nonlinear optical properties is attributed to the dye molecular reversible

photo-transformation. This phenomenon presents an outstanding refractive index

dependence on polarization and intensity illumination. However, it also presents

some side-e�ects not completely understood i.e., permanent dye anchoring to the

substrate, among others. The understanding and characterization of the phase change

induced by a polarized beam and its e�ects are relevant for the applications related

with this research work.

The objective of this chapter is to report the experiments performed in DDLC

in order to clarify the photoinduced molecular mechanisms present in an azo DDLC

sample when illuminated by a linearly polarized laser beam.

54



Azo-dye-Induced E�ects on Permanent Grating Recording

This chapter includes: i) the study of the permanent di�raction gratings in azo dye

doped liquid crystal cells, ii) the anisotropic behavior of these gratings as function of

the probe beam, iii) the response and relaxation time and iv) its saturable absorber

response as function of the polarization and intensity pump beam, v) the g and h

parameters of a 5CB-MR1% doped planar cell (found by transmission measurements

detailed in section 2.1.7.2). Finally, a discussion of the information obtained with

these results is presented.

3.2 Azo-dye-Induced E�ects on Permanent Grating Recording

It is known that the azo-dye molecules photoisomerization is responsible for

the increase of many orders of magnitude of the nonlinear refractive index of DDLCs

[1,27,33,50]. It has been also suggested that the substrate plays an important role in

the LC nonlinear optical behavior [1,37]. In fact, Komitov et. al. [37,38] suggested

that dye anchoring lead to alignment of bulk liquid crystal through dipole-dipole in-

teractions. Photoinduced adsorption of the dye on the substrate produces permanent

gratings which may be undesirable side e�ects in dynamic holography and other ap-

plications [39]. On the other hand, permanent gratings may be useful in optical

memories or in optical routers, etc [11]. Therefore, the understanding of the molec-

ular mechanisms involved in dye anchoring is crucial in order to control it or even to

eliminate dye anchoring.

The study presented here, comprises the performance comparison of two azo dyes:

Methyl red (MR) and methyl yellow (MY) azo dyes (Aldrich). The main di�erence

between these dyes is the acid group presence positioned in the phenyl ring i.e. 2′ −

COOH on MR (See Fig.3.1) [51]. This leads to a di�erence in the absorption spectra

of both organic compounds (Fig.3.2) The absorption spectra are similar, except that

for MY the peak absorption is blue shifted (∼ 400nm) while for MR is around 500nm.

Both dyes were dissolved in the nematic host at concentration per weight of 1.0% and

nematic liquid crystal 5CB (Merck) was used as the host liquid crystal material. The

�rst dye presents permanent grating formation, while the second one does not.

55



Azo-dye-Induced E�ects on Permanent Grating Recording

Figure 3.1: Chemical structure of (a) MR and (b) MY. The carboxyl group (-COOH) is

the polar group in the MR molecule [39].

Figure 3.2: Absorption spectrum of MR and MY in 5CB liquid crystal at 1.0% wt.

The glass substrates were cleaned thoroughly using a piranha solution as a common

promoter to increase the −OH group population on the glass surface substrates [52],

and thus, enhance their hydrophilic properties. Although permanent gratings can be

recorded under di�erent surface treatments (surfactants, rubbing �lms (PVA), and ITO

alone) it is well known that piranha solution enhance the super�cial density of −OH

groups. A sandwich glass cell (d ≈ 3 − 5µm) �lled with the host-guest mixture was

used in the experiments. The sample is randomly oriented since no treatment layers

were used.
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3.2.1 Experimental results

The experimental setup consists of a pump-probe scheme as shown in Fig.3.3. The

pump is provided by an Ar+ ion laser (λ = 514.5nm at ∼ 34mW/cm2) which was used

to record 20µm gratings period. The pump wavelength is nearly the maximum value

in the absorption spectra of the MR (Fig.3.2), so that the MR photoisomerization of

the dye is facilitated. A weak He-Ne laser (λ = 633nm) was used to measure the

di�raction e�ciency of the grating (See section 2.1.8.1). The probe's beam polariza-

tion is parallel to the pump beam. The spot size of the probe beam is approximately

6 times smaller than the recording one. The received signal from the photodetector

was processed by a lock-in-ampli�er and the data were measured and saved with a

LabView program and a computer.

Figure 3.3: Schematic experimental set-up.

As can be observed in Fig.3.4, permanent di�raction gratings can not be obtained

for MY doped samples, curve (a). Before grating recording, the intensity level of the

probe beam shows a stable value. Once the pump beam is on, the di�raction grating

starts to forme, hence, the di�raction e�ciency increases. After ∼ 150sec upon illu-

mination, the di�raction grating reaches its maximum value (∼ 0.27%). Nevertheless,

when the pump laser is turned o�, the probe beam value decays to its original value

57



Azo-dye-Induced E�ects on Permanent Grating Recording

after∼ 200sec. That means that there is no permanent grating recorded in the sample.

Likewise, di�raction gratings were recorded in the MR doped sample. The stationary

value of the di�raction e�ciency in a MR cell commonly reaches 0.4% around 100sec

upon illumination. However, in this experiment the sample was pumped just for

20sec to demonstrate that even with this short exposure time the permanent grating

can be recorded, as shown in Fig.3.4.

Figure 3.4: Permanent and transient grating formation in 5CB doped with methyl red

(�) and methyl yellow (◦), respectively.

This phenomenon has been adjudicated to the molecular anchoring of the MR

dye on the substrate [1]. It has been demonstrated that the dipole moment of the

cis isomers become higher than those for the trans isomers, leading to a preferential

cis structure adsorption on the solid substrate [37,38]. However, as mentioned be-

fore in Section2.1.7.1, the dipole moment change upon photoisomerization has been

reported to be for MR and MY, 1.97D and 2.72D, respectively. The dipolar moments

in the cis conformational for both dyes are very similar (4.56D for MR and 4.46D for

MY). Based on this information, cis-MY species should give rise to a stronger dipole-
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dipole interaction, and therefore, stronger permanent gratings formation than cis-MR

species. This contradiction suggests the presence of other mechanisms which must

be taken into consideration.

Since MY does not exhibit permanent gratings, the grating is attributed only

to the dye-induced reorientation of the liquid crystal molecules in the bulk cell. On

the other hand, for MR it is possible to observe that besides of the process present

in the MY case, the MR anchoring has an important contribution to the di�raction

e�ciency.

In order to measure the adsorbed dye contribution of these processes, some

samples with the same thickness and dye concentration were prepared containing

MR dissolved on liquid crystal (5CB/MR(99.0 : 1.0%)) and on isoprophyl alcohol and

dimethylformamide (iPrOH/DMF/MR (49.5 : 49.5 : 1.0%)) solutions (these solvents

are not oriented by the dye). The experimental results obtained during the holo-

graphic grating formation on these samples are plotted in Fig.3.5.

The di�raction e�ciency for the DDLC reaches 0.6% while the dye doped solvent

reaches only 0.0037%, i.e. more than two orders of magnitude. Both compounds

follow almost the same dynamic but solvents saturates faster, probably due to the

lower viscosity (the dyes moves faster towards the substrate). In other words, the

contribution of the dye anchoring to the di�raction e�ciency is quite small although

its e�ect on the bulk is quite remarkable, indicating that the LC molecules adjoining

to the anchored dyes are oriented forming a permanent grating as well. In this point

it is worth mentioning that the gratings recorded in both cells are still recorded after

2 years. Figure3.6 shows the grating in iPrOH/DMF/MR1% after evaporation of

the solvents. This image was obtained by using the microscope Leica DFC with an

objective of 40X.

This fact emphasizes the strong e�ect on the volumetric reorientation due to

the anchoring conditions controlled by the adsorbed dye. After repetitive heating of

the sample (about 40◦C) above the clearing point temperature (32◦C for 1% wt MR

doping) the grating can be erased. It indicates that the anchoring energy is Eanc ∼

(0.0263− 0.0271)joules.
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Figure 3.5: Grating di�raction e�ciency due to: (◦) Adsorbed dye to the substrate

and dye induced liquid crystal reorientation, 5CB-MR1% cell (scale on the left). (�)

Adsorbed dye, iPrOH/DMF/MR 1% cell (scale on the right).

Figure 3.6: Image of the recorded grating in the iPrOH/DMF/MR1% sample. It shows

the anchored dye remaning after evaporation of the liquids. The grating period is

∼ 20µm.
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3.2.2 Discussion

A �rst approach to explain the apparent contradiction in the presence of permanent

gratings in MR or MY, is to address the strong interaction between the polar group

on MR (carboxyl, -COOH) and the hydrophilic surface through intermolecular forces

(hydrogen bond, van der Waals, dipole interactions, etc.). Besides, it is well known

that the LC orientation has strong dependence on the substrate properties [53, 54].

In addition, polar groups, such as -COOH, -OH and -NH are associated with hydro-

gen bond interactions [55, 56]. Therefore, it is wise to assume that the molecules

with polar nature i.e., carboxyl acid group, have a strong interaction with the ter-

minal -SiOH moieties of the super�cial glass substrate [57]. This hydrogen bonding

interaction could lead to much better perform in rendering permanent grating forma-

tion.

In addition, the cis-form has higher polarity than the trans counterpart, therefore,

they are more strongly attracted by the hydrophilic surfaces through dipolar interac-

tions [39]. Thus, the photoadsorption produces, by its light-induced reorientation,

a nematic local order in the bulk of NLC. The direction of the dipole moments are

represented in Fig.3.7. Figure3.7(a) shows the dipolar interactions present in cis-

MY, while, Fig.3.7(b) represents the two-step strong adsorption of the MR on the

surface. The �rst step is caused by an H-bonding of the O-H· · ·=C type between -

COOH and -OH species on the interface, this interaction is stronger than dipolar factor

solely. Upon illumination, the second step takes place: MR molecule quickly attain

cis-isomer that generates a second hydrogen bond, as shown on right in Fig.3.7(b).

In consequence, the MR molecules are strongly anchored to the hydrophilic surface

by O-H· · ·O=C and O-H· · ·O double hydrogen bonding. Trans is also adsorbed to the

substrate but the anchoring energy is smaller than the thermal energy and therefore

the bond is easily broken but not in the case of cis isomer. The cis-phototransformed

entity are believed to be oriented approximately perpendicular to the surface of sub-

strate, later we will show that it is not the case.

In Ref. [39] the comparison between permanent and the reorientation grating in

a 5CB sample doped with MR is reported. The experiment consists in modulating the
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Figure 3.7: Di�erent intermolecular interaction fashions for MY andMR. (a) between

the surface and trans-cis-MY species only dipole interactions dominate. (b) Forma-

tion of hydrogen bonding on hydrophilic surface by MR molecules: left, trans-MR

leads to single hydrogen bonding (weak interaction); right, double hydrogen bonding

favored by cis-MR under photo-isomerization (strong interaction).

pump beam (on-o�) while the di�raction e�ciency was measured. These results are

shown in Fig.3.8. One can distinguish the contribution of the permanent grating when

the pump is o�. As mentioned before, this grating possess two contributions: one due

to the adsorbed dye and another one due to the adsorbed dye-induced reorientation

of the adjoining LC molecules. The resulting permanent grating leads to reorientation

on the bulk liquid crystal represented in Fig.3.8 when the pump is on. This means

that the di�raction e�ciency measured in 5CB-MR doped is due to presence of three

process: (i) Bulk dye-induced reorientation of the LC, (ii) The adsorbed dye anchored

in the substrate and (iii) LC molecules reoriented by this thin dye layer anchored.
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Figure 3.8: Permanent and reorientation grating in 5CB doped with methyl red at

0.3%wt, 1.5mW/cm2 [39]

In conclusion, in this work it has been demonstrated that the adsorption of the dye

to the substrate of LC can be explained as the contribution of three phenomena: (i)

the dipole moment, (ii) the increase in N=N group charges on dyes with polar groups

and (iii) the double hydrogen bonding between carboxyl group -COOH in MR and -

OH in the substrate. Since no adsorption is observed on MY compared with MR, and

-COOH hydrogen bond interaction are stronger compared with N=N interactions, it

can be conclude that the polar (acid) group in MR dye plays a very important role

on dye adsorption. It has been demonstrated that in addition to N=N interaction,

H-bonding interaction facilitates stronger anchoring on the substrate. This study sug-

gests that strong interaction (ionic) will render better anchoring which would result in

better grating formation. Finally, MY can be a suitable dye to enhance the nonlinear

optical response of the liquid crystals on the blue region of the absorption spectra

without the inconvenience of permanent gratings.

63



Anisotropy in the di�raction gratings

3.3 Anisotropy in the di�raction gratings

The di�raction e�ciency of a grating recorded in a 5CB-MR 1% doped cell was mea-

sured as function of the probe beam's polarization. Since the LC and dye molecules

are anisotropic (rod-shape), it is expected that the gratings to be polarization depen-

dent. In randomly oriented sample no polarization e�ects are expected, but once the

grating is recorded they should appear, as it is demostrated in this section. The exper-

imental set-up consists in the pump-probe con�guration, where di�raction gratings

are recorded by the pump beam. In order to control the probe polarization direction,

a λ/2 waveplate was placed in front of the He-Ne laser (Fig. 3.9).

Figure 3.9: Schematic experimental set-up.

3.3.1 Results and discussion

In the dark fringes the molecules remain the random orientation. In contrast,

according to Komitov et. al. [37], in the bright fringes the molecules tend to adopt

perpendicular orientation with respect to the substrate. If this is true, one would
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expect not to �nd a di�raction e�ciency dependence on the probe beam polarization.

However, in all the measurements a strongly anisotropic behavior was observed, as

shown in Fig.3.10. In this �gure, 0◦ and 90◦ corresponds to parallel and orthogonal

polarization of the probe beamwith respect to the pump, respectively. The sinusoidal

behavior of the di�raction e�ciency suggests that the dye is not perpendicularly an-

chored to the substrate, and therefore, the LC reorientation induced by the dye is not

perpendicular. In addition, it was also found a phase shift in the measurements from

sample to sample and from one region to another one in the same sample as shown

in Figure 3.10.

Figure 3.10: Anisotropic response of two samples at the same conditions.

The anisotropy measured in these plots can be attributed to the angle of the

dipole moment of the cis anchored isomer. The reorientation angle of the molecules

seems to have a value large enough to introduce a di�erence between parallel and

orthogonal polarization of the probe beam.
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In order to con�rm this hypothesis, some numerical simulations were performed

to calculate the angle of the dipole moment, and therefore, the reorientation angle

of the adjoining LC molecules [58]. The numerical simulations based on the soft-

warePM3 (Molecular mechanics, semi-empirical) gave an angle of ∼ 55◦ between

the dipole moment and the substrate [See Fig.3.11(a)]. As a result, the LC are also

aligned in this direction, explaining the strong di�raction e�ciency dependence on

the probe beam polarization direction but it is not enough argument to explain the

phase shift in the curves. Hence, another issue must be considered: since this angle

is measured with respect to the substrate, the dipole can have di�erent orientation

which is illustrated in Fig. 3.11 (b). Arrows in this �gure represent some possible

dipole moment orientations keeping the ∼ 55◦ angle.

Figure 3.11: Direction of the MR dipole moment anchored on the substrate. (a) The

angle with respect to the substrate is ∼ 55◦ (two dimensions). (b) In 3D the cis-MR

isomer can be anchored with di�erent orientations.

When a di�raction grating is recorded in a dye doped LC sample, the polarization

of the pump beam induces a reorientation over the molecules present in the bright

fringes. The dark fringes present a random orientation of the dye and LC molecules.

Moreover, in the case of the bright fringes, although the angle between the dipole

moment and the substrate is the same (∼ 55◦) it can have di�erent orientation for

di�erent domains in the fringe.Figure 3.12 represents the orientation of the dye an-

chored dipole moment in a recorded grating. The circles represent the domains of the

induced reorientation angle over the liquid crystal molecules.
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Figure 3.12: Di�erent regions in a permanent grating recorded with period Λ ≈ 20µm.

Arrows represent the orientation of the dipole moment.

The di�erences in the dye orientation are manifested in the induced LC orientation.

In adittion, taking into account that the illumination area of the probe beam is 6 times

smaller than the one for the pump beam, it is possible to measure in any domain of

the grating. This means that due to the di�erence in the orientation for each domain,

it is possible to begin the measurements from any value in the curve of anisotropy.

Thus, a phase shift in the curves can be found for one region to another one, or from

one sample to another one.

3.4 Change polarization due to beam propagation in LC

It is important to measure the change in polarization that a linearly polarized

beam su�ers after propagation through a DDLC sample. This measurement provides

information related with the material anisotropy. In order to do this experiment,

a weak linearly polarized He-Ne laser (10mW/cm2) was transmitted through a 5CB-

MR1% planar cell. In addition, a λ/2 waveplate was used to control the polarization

of the laser, and one polarizer was placed after the sample to analyze the output

polarization state. Fig. 3.13 shows the experimental set-up.
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Figure 3.13: Schematic experimental set-up to analyze the change in polarization due

to the anisotropic response of a 5CB-MR1% doped planar cell.

3.4.1 Results and discussion

The largest phase shift is expected to be not in the ordinary or extraordinary

polarization but at 45◦ with respect to the director, i.e. both components of the

polarization are equal. Figure 3.14 shows the results obtained in this experiment for

extraordinary polarization and for polarization at 45◦ with respect to the director. The

material anisotropy is manifested as changes on the output polarization of the probe

beam.

Figure 3.14: Extraordinary and 45◦ polarization with respect to the molecular director

of a planar cell.
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For extraordinary input polarization, as expected, the polarization states does

not change (linearly polarized). The linear polarization is manifested in the value of

zero for the orthogonal components as plotted in the continuous curve in Fig.3.14.

On the other hand, for 45◦ polarization, the output changes from linear to elliptic po-

larization state as observed in the dashed curve in Fig.3.14. The polarization change

is observed in the increased of the orthogonal components, while the parallel ones

have decreased. The dashed curve presents a 45◦ rotation with respect to the contin-

uous curve, due to the rotation of the polarization illumination. The change in the

phase needed to change from linear to elliptic polarization was 0.65rad (this calcule

considers the phase change due to the waveplate rotation).

3.5 Response and relaxation time

The response and relaxation time in a 5CB-MR1% doped planar cell was measured

as function of the pump beam intensity and polarization. The experimental set-up

consists in pumping a planar cell with intensities: 53mW/cm2, 70mW/cm2, 88mW/cm2

and 106mW/cm2 with a linearly polarized Ar+ laser. The polarization of this laser has

been controlled by a λ/2 waveplate in order to achieve extraordinary and ordinary

polarization. A weak He-Ne laser with extraordinary polarization was used to probe

the response time of the molecules. The experimental set-up is shown in Fig.3.15.

For the response time, at a certain time, the pump laser is on and remained in this

state until the induced transmittance achieve a steady value. Once this measurement

time was registered, the Ar+ laser was turned o�, in order to observe the relaxation

time of the sample. The characteristic behavior is shown in the plot in Fig.3.15.

The diameter of the probe beam is 6 times smaller that the one for the pump laser.

The photodiode signal was processed by a lock-in-ampli�er. An integration time was

chosen such that the temporal dynamics is not a�ected by the integration time of the

lock-in. Finally, the data were measured and saved in an osciloscope.
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Figure 3.15: Schematic experimental set-up. λ/2 waveplates are used to control the

polarization of both lasers.

3.5.1 Results and discussion

Let us start the discussion with the response of the material when the pump is

on. In Figures 3.16 and 3.17 the response time as function of the pump intensity for

extraordinary and ordinary polarization are plotted. From these plots it is possible

to obtain information related with the transmittance dependence on intensity and

polarization.

By taking into consideration Eq.2.28
[
X = Xsat

1+τ0/τ

]
in Section2.1.7.2, where X

is the cis isomers fraction, Xsat is the saturation value of X, τ0 is the characteristic

time for the formation of the steady state cis isomers and τ is the exposure time, it

is possible to �nd the values for τ0. Since X is proportional to the transmittance, the

response time can be �tted by using Eq.3.1.

T =
Tsat

1 + τ ′0/τ
, (3.1)

where T is the transmittance, Tsat is the saturation value of T , and τ ′0 is the response

time. It can be observed that this equation canot describe the experimental results

for short exposure time, but a good agreement has been achieved for long exposure

times. It means that the dynamic in Figs.3.16 and 3.17 includes at least two dif-
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Figure 3.16: Response time for a 5CB-MR1% planar cell with extraordinary polariza-

tion of the pump beam. Lines represent the �t to Eq.3.1.

Figure 3.17: Response time for a 5CB-MR1% planar cell with ordinary polarization of

the pump beam. Lines represent the �t for Eq.3.1.
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ferent processes which will not be disscused since the response time is not issue for

our applications. However, more detailed studies are requiered to elucidate other

mechanisms thet contribute to the increase of the response time. In the following

sections, the transmitance and response and relaxation time are analyzed.

3.5.1.1 Transmittance

The values found for Tsat are plotted in Fig.3.18. As expected for the transmittance

saturation value, the higher the intensity the higher the value for Tsat. It is attributed

to the formation of cis isomers, which have lower absorption cross-section than the

trans isomers [59]. For the same reason, since the experiments are carried out in a

planar cell, and the probe beam has extraordinary polarization, it is predictable to

measure higher transmittance for extraordinary than for ordinary pump intensity, as

reported in Fig.3.18.

Figure 3.18: Saturation transmittance

As can be observed in Fig.3.18, the values for the transmitance do not reach satu-

ration, but by increasing the pump beam intensity it is posible to achieve saturation

values. However, this research is concerned with low power applications, for this

reason these measurements were performed under these conditions.
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3.5.1.2 Response Time

In Section2.1.7.2 it is stated that τ0 decreases as the light intensity is increased.

However, the result for the �tting of the values in Eq.3.1 shows that τ ′0, is increased

as the intensity is increased (Fig.3.19). At this point, it is worth mentioning that

when the intensity is high enough, other mechanisms may to be considered i.e., dye

di�usion and lifetime of excited states [60], increase in the temperature, changes in

the order parameter, viscosity, refractive index, among others. In the same idea, tak-

ing into account that τ0 is described by Eq. 2.29 [1/τ0 = pTΦTC + pCΦCT ] (pC, pT , are

the trans and cis excitation probabilities, ΦTC and ΦCT are the quantum e�ciencies

of the trans-cis and cis-trans transitions, respectively), the presence of these mech-

anisms suggests a competition between the existence of trans and cis isomers, thus,

the values for pC, pT , ΦTC and ΦCT are di�cult to be estimated.

Figure 3.19: Response time

3.5.1.3 Relaxation time

In the case of the relaxation time, the results for extraordinary and ordinary

polarization are plotted in Fig.3.20 and 3.21, respectively. As expected, the relaxation
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time does not depend on polarization and intensity because in both cases there is no

mechanism to obstruct the relaxation back to its original position. Lines in Figs.3.20

and 3.21 represent the �t obtained for an exponential decay function described by

Eq.3.2

T = exp−(τ/τr). (3.2)

In this equation T is the transmittance, τ is time en seconds, and τr is the relaxation

time.

Figure 3.20: Relaxation time for a 5CB-MR1% doped planar cell as function of inten-

sity and for extraordinary pump polarization.

The obtained values for τr are plotted in Fig.3.22. The mean value is 1.29sec, and

from Fig.3.22 it is possible to observe that this value remains constant.

The relaxation time values reported for 5CB are between (20 − 100msec) for any

intensity level [60], however, it has been proven that dye di�usion and life time of the

excited states have to be considered. For the purpose of this thesis a detailed study

of the response and relaxation time is not relevant, but it is an important parameter
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Figure 3.21: Relaxation time for a 5CB-MR1% doped planar cell as function of inten-

sity and for ordinary pump polarization.

Figure 3.22: Relaxation time

that needs to be analyzed more carefully, in order to elucidate other reorientation

mechanisms.
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3.6 Cis fraction measurements

The goal of this experiment is to determine the relation between the phase change

induced by a 5CB+MR1% doped planar cell, as function of the polarization's illumina-

tion. This relation has relevant importance in the phase contrast experiments, where

this dependence is exploited.

Equation 2.36, describes the relation of the ratio (XS/Xord) as function of Ψ,

(XS/Xord = 1+g cos2 Ψ
1+h cos2 Ψ

), where XS is the fraction of cis isomers. Ψ is the angle between

the direction of polarization light and the molecular director, Xord is the fraction of cis

isomers for ordinary polarization, and g and h are molecular parameters di�erent for

each LC doped system. Based on the Janossy model [33], it is possible to �nd g and

h, by performing transmittance measurements (detailed in Eqs.2.44). The relation

between these measurements and XS/Xord is given by expression 2.45:

XS/Xord =
lnTS/TT

lnTord/TT
,

where TT is the transmittance for a sample with the dye in the trans isomer, TS

and Tord are the transmittances for the extraordinary and ordinary polarized beam,

respectively. By considering XS and TS the corresponding values for di�erent angles

Ψ from extraordinary to ordinary polarization, XS and TS become X and T . Thus

Eq.2.45 can be expressed as:

X/Xord =
lnT/TT

lnTord/TT
, (3.3)

For this experiment a He-Ne laser (633nm) was employed to illuminate a 5CB-

MR1% doped planar cell. The transmittance was obtained by sensing the power be-

fore and after the sample, (Tout/Tin). In order to �nd the transmittance for the trans

state TT , a weak intensity of illumination was used (this value is expected to be a con-

stant). In order to achieve intensities above the saturation value (∼ 2.5X105W/cm2

at 633nm), the transmittances for the cis state T were measured by focusing the laser

with a lens. In addition, the angle Ψ was controlled by rotating a λ/2 waveplate.
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Cis fraction measurements

Figure 3.23: Schematic experimental set-up to obtain g and h parameters of the sam-

ple.

3.6.1 Results and discussion

Figure 3.24 shows the results obtained in this experiment. X/Xord is plotted as

function of cos2 Ψ. The values for T/TT and for X/Xord are in the same range than in

the results obtained by Janossy and Szabados in Ref. [33]. The best �t gives as result

the parameters g = 8.9 and h = −0.39. The line plotted in Fig.3.24 shows this �t.

Figure 3.24: Experimental and theoretical results for X/Xord to obtain g and h pa-

rameters of the sample.
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Unfortunately, since Eq.3.3 includes logarithmic functions, therefore, small

changes in T can lead to important di�erences in the numerical analysis. In spite

of this, consistently, we obtained a g value at least 20 times larger than h It allows

the employment of the approximation made in Ref. [61]. This approximation is based

on two facts: (i) the di�erence in the values for g and h, and (ii) the dependence of

the e�ective phase change with the input polarization which can be assumed as

∆Φ = X∆ΦN + (1−X)∆ΦP , (3.4)

where ∆ΦN and ∆ΦP are the phase changes for extraordinary and ordinary polariza-

tions, respectively. By considering this information the e�ective phase change can be

approximated to

∆Φ ≈ cos2 Ψ∆ΦN + sin2 Ψ∆ΦP . (3.5)

3.7 Conclusions

One of the goals of these experiments was to understand themolecular mechanisms

involved in the anchoring of dye molecule to the substrate. So far, it is possible to ex-

plain that the there are three reasons for the dye to be anchored in the substrate upon

illumination. It has been demonstrated that carboxyl group in MR plays a crucial role

in this anchoring, in combination with the increased of the charges of the azo group in

the molecule and with the induced dipole moment. It has been also probed that the

angle between the substrate and the dipole moment causes the anisotropic depen-

dence on the di�racted beam. In addition, it has been observed that the liquid crystal

sample can change the polarization state a polarized illumination beam in function of

intensity and of the angle between the molecular director and the polarization of the

beam. From the response and relaxation time experiments, it can be concluded that

the response time of the material is ∼ 0.7sec at 53mW/cm2 and the relaxation time is

∼ 1.36sec. Finally, The g and h parameters have been found as function of the angle
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between polarization and the molecular director. These information is important in

order to achieve the second major objective of this research work: to implement a

phase contrast microscope using a dye doped liquid crystal planar cell as a nonlinear

�lter. In the following chapter this subject is described in detail. The experiments

and results of the quanti�ed contrast for di�erent phase objects are reported and the

implementation in real-time is demonstrated.
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Chapter 4

Phase contrast microscopy by

dye-doped liquid crystals

4.1 Introduction

It is well known that light propagation in Kerr-type nonlinear material modi�es its re-

fractive index [62]. The change in refractive index scales linearly with the illumination

intensity and can be positive or negative depending on the material's characteristics.

If a nonlinear material is placed at the Fourier plane of the optical system, then the

Fourier intensity distribution generates an apodized phase �lter. In order to achieve

the Zernike �lter by using a nonlinear material and with the minimal distortion in the

contrasted images, it is desirable that the photoinduced �lter alters only the phase

of the zero frequency components and some small vicinity around it [63]. This is

accomplished by assuming a phase object whose Fourier-transform has its maximum

intensity at the zero frequency and the intensity of the higher frequency components

is much weaker [�ll factor < 1, (see Section 2.2.2)]. A consequence of this type of

�ltering is that the maximum contrast is slightly reduced compared to the one ob-

tained with classical Zernike �ltering. Nevertheless, nonlinear �ltering o�er several

advantages since it does not su�er from fabrication or alignment di�culties, with the

exception of its placement at the adequate plane in the optical system. However,

in order to make the �lter attractive, other important characteristics must also be
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ful�lled. Such characteristics include fast response time (at least video frame rates

should be attainable), high sensitivity, high spatial resolution, operation with rela-

tively low power light sources, and low cost.

As mentioned before, dye-doped nematic liquid crystals (DDNLC) o�ers several

promising characteristics to be considered as nonlinear �lter. Its colossal nonlin-

earity [1] its dependence on applied �eld [8], temperature [10] and dye dopants

make of this material probably the best candidate for phase contrast. LC's possess

an important property which makes them suitable to be used as a Zernike �lter: to

be reorientated, the molecules need a certain level of intensity threshold (Fredericz's

transition [27]), otherwise, the change in the refractive index is not induced. This

means that, if the �ll factor requirements are achieved and the intensity is not in the

saturation level, it is possible to induce the Zernike �lter in the nonlinear material

only in regions where the intensity exceeds the reorientation threshold.

In addition, azo-dye trans-cismolecular transitions are responsible for the nonlin-

ear optical increase on the photoinduced torque [7] and, thus, on the enhancement

factor of its nonlinear properties(see Section 2.1.7.2). One of the most outstand-

ing characteristics of DDNLC that has to be considered, is its polarization dependent

enhancement factor of the optical torque. In fact, it has been proved that the en-

hancement factor can be changed from positive to negative by changing the relative

populations of trans and cis transitions [33]. Fortunately, the trans-cis equilibrium

can be controlled by changing the intensity and polarization of the illumination beam

at a given wavelength [35]. Therefore, the use of a nonlinear material as DDNLC

o�ers the advantage of controlling the nonlinear response in a large range through

polarization.

4.2 Experimental results

The experimental set-up used to visualize microscopic objects is shown in Fig.

4.1. The beam from a linearly polarized He-Ne laser (λ = 633nm) was employed as

the illuminating source. In order to control the power and polarization of the beam, a

variable neutral density �lter and a λ/2 waveplate, respectively, were used. The body
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of a microscope with a 20X objective and a 10X ocular was employed to produce a

200X magni�cation imaging system. A planar methyl red doped liquid crystal cell was

placed at the Fourier plane of the input image. A CCD camera was used to capture

the contrasted images.

Figure 4.1: Experimental set-up for the phase contrast microscope. DDLC is the dye

doped liquid crystal cell.

In order to determine the operational range of our phase contrast microscope,

several phase objects were etched on glass plates (n = 1.5). The objects were squares

pools of 100x100µm2 and di�erent depths (λ, λ/2, λ/4, λ/8, λ/20 and λ/40, where λ =

633nm). As an example, Fig. 4.2 shows the phase contrasted images for the λ/2 depth

square which has a phase di�erence of 0.5π rad. The contrast was measured from the

images following the expression C = (Ai −Ao)/(Ai +Ao) where Ai and Ao represents

the average intensity values inside and outside the square, respectively. The number

on the �gures indicates the angle between the rubbing direction and polarization

vector. For 0◦ polarization (negative nonlinearity) the phase object looks bright with

a dark background. For 70◦ the contrast practically disappears and only the borders

of the object are clearly visible, while for 90◦ (positive nonlinearity) the contrast of

the image is reversed.

Contrast inversion was observed for all incident powers, as it is shown in Fig.4.3.

It can be observed that, due to the competition between the positive and negative

nonlinearity, for an angle of almost 70◦ the contrast obtained was very low which is

consistent with the Z-scan measurements reported in Ref. [14] and detailed in Section

2.1.8.2.
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Figure 4.2: Contrasted image of 100x100µm2 objects etched on glass with a depth of

320nm(∼ λ/2). The numbers on the top left corner corresponds to the angle between

the rubbing direction and the polarization vector of the laser beam. For negative

nonlinearity the object is bright on a dark background, for an intermediate angle

of 70◦ the contrast almost disappears while for positive nonlinearity the contrast is

reversed.

Figure 4.3: Contrast as function of the polarization of the incident beam for di�erent

input powers of: 3.8, 2.54 and 1.52 mW for a phase object of λ/2 thickness. Contin-

uous lines represent �t to the contrast for the same power level.

In Ref. [61] it was shown that the ∆ΦE,O dependence on power scales quadratically.

In Fig.4.4 the photoinduced phase ∆ΦT in the DDNLC sample is plotted for 0◦ and

90◦ polarization as function of the incident power.
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Figure 4.4: Photoinduced phase change for 0◦ and 90◦ polarization as function of the

incident power. Taken from Ref.[63].

Since the refractive index depends on intensity and the experimental results

reported in Ref. [61] were calculated for incident power at di�erent conditions, it is

not possible to compare them with the induced phase change in the phase contrast

experimental results.

4.2.1 Edge enhancement

It was been found that for a phase change of 4.8π in the object, it is possible

to observe edge enhancement in the resulting image. Figures 4.5 shows the image

for ordinary and extraordinary polarization. The edge contrast depends on intensity,

however even with low illumination power it is possible to observe it. So far, our

theoretical model can not reproduce these results. Therefore, this subject will be

object of a detailed analysis in a future work.

4.2.2 Real-time applications

The proposed system can be used to visualize phase objects where contrast of

the images can be changed in order to enhance di�erent components of the image.

Biological samples may contain objects with spatially changing phases, and hence
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Figure 4.5: Image for the binary phase mask (∆ϕ ≈ 4.8π) for ordinary polarization.

Edge enhancement for the binary phase mask (∆ϕ ≈ 4.8π) for extraordinary polariza-

tion.

they are good candidates to demonstrate the performance of the system with dynamic

events. Fig.4.6, shows some biological specimens (Paramecium, a unicellular ciliate

protozoa) observed under the nonlinear phase contrast microscope. These images

have been obtained in real time and rotating the λ/2 plate. It can be observed that

the contrast can be adjusted in real time to observe some speci�c detail in the phase

objects.

Figure 4.6: Real time images of biological specimens (paramecium) obtained by the

nonlinear phase microscope. The λ/2 plate was rotated in order to improve the con-

trast. The size of the living organisms is ∼ 75µm long.
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4.3 Conclusions

In this research work it has been demonstrated the outstanding performance of a

liquid crystal 5CB methyl red doped planar cell as a nonlinear phase �lter in a phase

contrast image system. The phase of such �lter, for illumination at 633nm, can be

switched from positive to negative by changing the incident polarization respect to

the cell director vector and its magnitude can be controlled with the incident power.

In addition, real time operation o�ered by this technique allows the tuning

of the image contrast in dynamic visualization of living organisms. It has been also

observed an inversion in the contrast for a binary phase object and in microorganisms.

The phase contrast proposed in this work can be easily implemented in standard

microscopes without further complications.
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Chapter 5

General Discussion and Outlook

5.1 Summary

This dissertation reported the results of nonlinear optical studies carried out on dye-

doped nematic liquid crystal cells. The major contribution of this thesis was the

application of the nonlinear optical properties of LC in image processing. In particu-

lar, the refractive index dependence on polarization was satisfactory applied in phase

contrast microscopy.

The �rst part of the results in this thesis concerns with the characterization of the

dye doped liquid crystal, the information obtained from this research is given in the

following lines.

The permanent di�raction grating formation in methyl red azo dye doped liquid

crystal cells was studied using a pump-probe con�guration. The experimental results

obtained with the comparison of methyl red and methyl yellow and the numerical

simulations show that the double hydrogen bonding between carboxyl group -COOH

in methyl and -OH in the substrate has an enormous contribution in the photoad-

sorption of the dye to the substrate. This e�ect combined with the change in the

dipole moment and the increased in N=N group charges on dyes with polar groups

explain the dye anchoring in the cells.

It was also proven that the angle between the dipole moment and the substrate is

∼ 55◦ and plays and important role in the induced reorientation of the LC molecules,
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since the di�raction e�ciency of the recorded gratings showed a strong dependence

on the polarization's probe beam.

In addition, a dye doped liquid crystal cell with planar alignment was illuminated

with a linearly polarized beam in order to �nd the change on the polarization state for

low intensities. The results show that a 45◦ linearly polarized beam turns to elliptic

polarization after propagation through the cell (phase change of 0.65rad).

On the other hand, the dynamic observed during the experiments shows that

the model described for this mechanism need to take into consideration other mech-

anisms i.e. dye di�usion, life time of excited states, increase in the temperature,

changes in the order parameter, viscosity, refractive index, among others. Since the

aim of this work is not related with this issue, it will be carefully studied in a future

work in order to clarify the process.

In relation to the phase change dependent on intensity and polarization's beam, an

approximated equation was given. Transmittance measurements were performed in

order to obtain the g and hmolecular parameters which describe the relation between

the fraction of cis isomers and the angle of polarization. The approximated equation

is based on the assumption that g is at least 20 times larger than h and on the fact

that the dependence of the e�ective phase change with respect to the polarization can

be expressed as (∆Φ = X∆ΦN + (1−X)∆ΦP ) [61].

Polarization controlled contrasted images were acquired by using a dye-doped

nematic liquid crystal cell with planar alignment as a nonlinear �lter. The images

obtained showed that the refractive index change can be switched from positive to

negative one as the polarization's beam changes from extraordinary to ordinary di-

rection. In addition, the model for the image contrast describes properly the contrast

measured for the experimental results. These results include the contrast for known

phase objects and for di�erent illumination power, where inversion in the contrast

was observed. The smallest phase change measured was for the object of λ/8 at

633nm, but its is possible to obtain a higher performance since the limitation is re-

lated with the quality of the fabrication cell, which can be improved.
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Finally, it was possible to acquire real-time images of living microorganisms. The

contrast of these images was controlled by rotating the angle of polarization's beam

and inversion in the contrast was observed.

5.2 Future work

As mentioned before, the response and relaxation time of the dye doped liquid crys-

tals need to be detaily studied in order to clarify the mechanisms which take place

upon illumination.

It is also important the characterization of the state polarization induced by a dye

doped liquid crystal in the nonlinear regime. This information is useful to study the

state polarization of the images acquired by the phase contrast system.

The fabrication of the planar liquid crystal cells need to be improved in order to

obtain higher quality in the contrasted images.

Finally, in relation to the edge enhancement observed for objects with change

phase of ∼ 4.8πrad, a careful analysis is needed to elucidate the process which makes

possible this e�ect.
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